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FOREWORD

During the years 1978 to 1981 the Governments of France, Japan and the
United States of America cooperated with the International Atomic Energy
Agency in the TASTEX (Tokai Advanced Safeguards Technology Exercise)
programme. The aim of this programme was to improve the technology for the
application of international safeguards at reprocessing facilities, and the results
are presented in the present report.
The Agency wishes to thank all those who have participated in or
contributed to the TASTEX programme.
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PARTI
EXECUTIVE SUMMARY

1.

INTRODUCTION

1.1

Origin of TASTEX

Because of the high safeguards relevance of plutonium, the
international community has a strong interest in having effective international safeguards applied at spent fuel reprocessing facilities.
In this connection, Japan and IAEA started
their cooperation in the development of safeguards technology
at the Tokai Reprocessing Facility through bilateral research
contracts and agreements.
In 1977 Japan and the United States
agreed to cooperate in developing and testing safeguards technology at the Tokai Reprocessing Facility.
This cooperative
activity was initiated in the course of negotiations on the
execution of the Japan/United States Agreement for Cooperation
concerning Civil Uses of Atomic Energy. France also offered to
participate in this cooperative programme and to include the
testing of techniques in French facilities. With this as a beginning, the United States, France and Japan expressed their
intention of cooperating with the IAEA to take advantage of
this possibility and proposing specific areas that might be
studied.
Meetings held in 1978 formalized this international
cooperative programme, defining the structure and content of
the technical work to be done.
1.2

Programme Purpose and Scope of Tasks

At the meeting held in Japan (27 February to 2 March
1978), experts from Japan, France and the United States agreed
that they would carry out a joint programme of research, development and testing on advanced safeguards technology.
This
programme subsequently became known as the Tokai Advanced Safeguards Technology Exercise (TASTEX).
The agreed purpose of the programme was to contribute to
the improvement of technology for international safeguards to
be used in spent fuel reprocessing plants, with emphasis on the
applicability of the technology in the PNC Reprocessing Facility at Tokai.
The programme was established on the basis of
the proposals by each member with a view to aiming not at an
overall safeguards system for the Tokai Reprocessing Facility,
but at the development of safeguards technology elements.
The programme consisted of 13 tasks involving technologies
relevant to surveillance in the spent fuel area (Task A); nondestructive analysis (NDA) of spent fuel assemblies (Task B)
and of hulls (Task C);
bulk measurements of accountability
transfers using load cells for mass measurements (Task D) and
electromanometers for volume measurements (Task E) ; near-real-
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time accounting (Task F);
NDA measurements of plutonium product concentration and isotopic composition (Tasks G and H) ;
monitoring of the plutonium product area (Task I);
resin-bead
procedures for accountability samples (Task J);
isotopic correlation techniques (Task K);
the gravimetric (Pu/U ratio)
method for input accountancy (Task L) ; and tracer methods for
accountancy tank measurements (Task M).
This programme was
agreed upon although the applicability of some of the tasks to
international safeguards purposes was not recognized by all of
the participants as established.
Tasks A, C, D and F had been initiated earlier through the
research contracts and agreements between Japan and IAEA.
The scope of the tasks varied considerably with each task
being comprised of one or more of the following elements:
study and assessment of available information;
study of the
applicability at the Tokai facility; testing and experiment in
other facilities and laboratories of the participating parties;
development and testing of equipment and procedures at
the Tokai facility;
and evaluation of the applicability and
utility to IAEA safeguards. All parties made contributions to
most tasks, although not all parties participated in every task.

1.3

Organization of the Programme

1.3.1

Procedural Agreements

At the February-March 1978 planning meeting, the parties also agreed upon the following procedures for cooperation
in this programme:
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(a)

It is the intention of the three Parties to cooperate
in such a manner as to advance and enhance international
safeguards
for
spent
fuel
reprocessing
plants.
In this respect, it is the intention of the
Parties
to keep
the
International
Atomic
Energy
Agency fully informed of the progress of the research
and testing performed;
to solicit the advice of the
Agency in insuring that the joint programme is consonant with the Agency's safeguards objectives and
serves to augment the effectiveness of international
safeguards; and to invite the Agency to participate
in all phases of implementation of the programme.

(b)

The Parties have discussed fully amongst themselves,
with the advice of representatives of the Agency, a
research and testing programme to be carried out.

The Parties agree that as work proceeds, it may become necessary to revise the Scope of work to be performed and that such changes will be by mutual agreement •
(c)

Each Party agrees to undertake studies of advanced
safeguards techniques for reprocessing plants at its
own expense and to provide the results of these
studies to the other Parties.

(d)

The Parties agree that to carry out the programme
visualized, it may be necessary for one Party to make
commitments of funds and manpower to another Party.
Such commitments will be made through bilaterial
arrangements between the Parties in manners to be
agreed upon.

(e)

To insure the effective pursuit of studies, research
and testing, whether they be performed individually
or jointly, it may be necessary for one Party to furnish another Party certain data and design information. The exchange of such data and information will
be subject to the prior approval of those having
rights on proprietary or privileged information and
subject to proper controls,' as mutually agreed, being
placed on the dissemination of such information.

(f)

To promote the efficient conduct of this programme,
each Party agrees to appoint a principal investigator
or point of contact for each project.
The principal
investigators will be charged with maintaining continuous technical coordination;
providing central
points of contact for exchanges of documents, drawings, and other technical information; and reporting
to their respective higher authorities on the progress of each task.
Furthermore, each Party agrees
to designate a senior technical representative to
provide overall coordination of that Party's programme .

(g) . A Joint Steering Committee will be established and
will meet periodically, at times and places to be
determined by mutual agreement, to review the overall
progress being made and to resolve general problems
or issues that may arise.
In August, 1978 the IAEA was invited to participate
in the programe and the Agency accepted this invitation.

5

TABLE I. PRINCIPAL INVESTIGATORS AND POINTS OF CONTACT AS OF MAY 1981

Task

States

France

IAEA

G. Dean

(CEA)

D. Rundquist

J. P h i l l i p s * (LASL)

J. Bouchard

(CEA)

E. Dermendj iev

(PNC)

T. Reilley

(LASL)

J. Bouchard

(CEA)

M. De

M. Hayashi*

(PNC)

F. Cartan

(INEL)

J. Regnier

(COGEMA)

A. Keddar

M . Hayashi

(PNC)

s.

(BNL)

J. R é g n i e r

(COGEMA)

R.

K. Matsumoto
Ikawa*

(PNC)
(JAERI)

H. Menlove

(LASL)

G. Dean

(CEA)

J. Lovett

G

Y.

Asakura

(PNC)

P. R u s s o *

(LASL)

J. Legrand

(CEA)

R. A u g u s t s o n

H

Y.

Asakura

(PNC)

R. G u n n i n k

(LLL)

J. Legrand

(CEA)

R. A u g u s t s o n

I

S.

Thara

(PNC)

c.
W.

Johnson

(INEL)

J. R e g n i e r

(COGEMA)

H. Shimoj ima

Harris*

(INEL)
J. Hure

(CEA)

H. Shimoj ima*

J. B o u c h a r d *

(CEA)

D. R u n d q u i s t *
S. Sanatani

A

T. K o i z u m i *

(PNC)**

T. Sellers

B

K. Takeda
I. Kobayashi

(PNC)
(JAERI)

C

T. K o i z u m i *

D
E
F

K.

*

United

Japan

J

Y.

K

Suda*

(Sandia)

Augustson

(PNC)

J. Carter

M. Hayashi
H. Umezawa

(PNC)
(JAERI)

c.

L

M . Hayashi

(PNC)

w . Maeck

(INEL)

P. P a t i g n y *

(COGEMA)

M. K r i v a n e k

M

M. Hayashi

(PNC)

w. M a e c k

(INEL)

J. H u r e *

(CEA)

J. Lovett

Asakura

Indicates the rapporteurs of the

(ORNL)

Carolis

T i m m e rman (BNL)

tasks.

** For explanation, see list of abbreviations used in this report, page XI.

1.3.2

Participants
The members of the Joint Steering Committee were:
Japan

United
States
France

IAEA

- H. Kurihara

(STA)

Y. Morishita

(STA)

M. Kawasaki

(STA)

(Mar. 1978 - Oct.
1978)
(Nov. 1978 - Jun.
1980) and
(Jul. 1980 - May
1981);

S. McDowell
A. Petit

(DOE);
(CEA) (Mar. 1978 - Feb.
1980) and
G. Jeanpierre (CEA) (Feb. 1980 - May
1981);
A. von Baeckmann

The Joint Steering Committee met
five
times
In
Tokyo:
November 1978, September 1979, February 1980, October
1980 and May 1981. The meetings usually lasted four days.
In addition, an ad hoc editorial committee of the
Steering Committee met in Vienna, 24 - 26 March 1981, to help
prepare this Executive Summary Report.
The Senior Technical Representatives for overall programme coordination within each party are:
Japan
United
States
France

IAEA

- K. Nakajima

(PNC);

- S. McDowell
(DOE);
- B. Guillemard (CEA) (Mar. 1978 - Feb.
1980) and
G. Dean
(CEA) (Feb. 1980 - May
1981);
- A. von Baeckmann

Programme coordination within the United States involved the International Safeguards Project Office;
within
Japan, the Safeguards Division of the Science & Technology
Agency;
and within
France, Departement
de
Sécurité' des
Matières Nucléaires.

Table I lists the principal investigators and
of contact for the individual tasks as of May 1981.

points
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U r a n i u m C o n c e n t r a t i o n , D e n i t r a t i o n in Product

FIG.l.

2.

Relationship

of thé TASTEX

programme

to material

flow.

FACILITY DESCRIPTION AND OPERATIONS HISTORY

The Tokai Reprocessing Facility, which the PNC constructed
and owns, is a small to medium throughput facility (about 0.7
tonne uranium/day) based on, the Purex process.
The facility
was designed by a French company Société Générale pour les
Techniques Nouvelles, formerly Saint-Gobain' Techniques Nouvelles, with construction completed in 1974.
Figure 1 depicts
the material flow through such a facility showing the relationship between steps in the process and the TASTEX programme
tasks.
As can be seen, the TASTEX programme included aspects
of the safeguards-relevant areas of this type of facility with
the exception of the uranium product area. For; the Tokai facility the final products are plutonium nitrate and uranium trïoxide. The plutonium nitrate solutions are periodically transferred to a fabrication facility at another Tokai location.
The Tokai facility provided the opportunity to install and
operate safeguards equipment under actual plant operating conditions.
By the end of the TASTEX programme (May 1981), the
instrumentation had been operated for about 1 1/2 years, during
which time the facility had processed approximately 80 tons of
PWR and BWR fuel with burn-ups ranging from a few thousand to
30,000 MWd/t.
On the basis of this experience, an evaluation
of the equipment and techniques developed in the programme has
been made and is recorded in the following sections of this
report.

3.

CURRENT IAEA SAFEGUARDS ACTIVITIES

3.1

General

The' objective of IAEA safeguards, as indicated in INFCIRC/153, is the timély detection of diversion of significant
quantities of nuclear materials from peaceful nuclear activi-
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ties to the manufacture of nuclear weapons or of other nuclear
explosive devices or for purposes unknown, and the deterrence
of such diversion by the risk of early detection.
To attain
the objective the IAEA safeguards system uses material accountancy complemented by containment and surveillance.
The following paragraphs briefly outline some of the main
aspects of IAEA safeguards as currently implemented at the
strategic points listed in facility attachments for the various
parts of a reprocessing facility. The treatment is not intended to be complete but rather to provide a framework in which
the individual TASTEX tasks can be related to current safeguards.
This relationship, together with the purpose, activities and results of each task, is discussed in Section 4.
3.2

Spent Fuel Receiving and Storage Area

In this part of the facility, nuclear material is in the
form of individual fuel assembles.
Accordingly, IAEA safeguards is based on item accountancy together with surveillance
of transfers of spent fuel into and out of the area.
The inspection activities carried out may include the following:

3.3

(a)

Seals on the spent fuel shipping container (if seals
were applied at the reactor) are identified, checked
and removed at the time of receipt.

(b)

Fuel assemblies are counted and the serial identification number on each is read visually at the time
the assemblies are transferred into the storage pond
and again when they are transferred from the pond to
the chop/dissolution area.

(c)

Camera surveillance is used to detect any other
transfers of spent fuel into or out of this storage
area.

(d)

Items are counted and identified at the time of physical inventory taking.

Chopping and Dissolution Area

Safeguards in this area may include the following surveillance activities:
(a)

The identification of an assembly loaded on the chopping machine is checked visually and by radiation
monitors, if installed, in the mechnical treatment
cell.
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3.4

(b)

The head and tail ends of the chopped
visually examined before disposal.

(c)

The transfer of the chopped fuel to the dissolver is
checked.

(d)

The waste
wastes.

hulls

are

stored

as

highly

assembly

active

are

solid

Chemical Processing Area

Safeguards in this area begins with accountancy measurements of the dissolver solution and extends to the accountancy
measurement of the purified product materials being transfered
to the product storage area. The inspection activities may include the following:
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(a)

The accounting consists of volume measurements involving
level and
density
determination
using,
for
example, a level gauge or the conventional dip-tube
technique;
solution sampling;
and chemical analysis. The volume transferred to the solvent extraction process is determined from the difference between the adjusted level before transfer and the remaining level after transfer.
The sample taking and
liquid-level measurements are witnessed by the IAEA.

(b)

Purified plutonium solution is concentrated in an
evaporator before transfer to product storage.
These
transfers are subj ected to the same accounting in the
product accountability vessel as for the dissolver
solution.
Inspectors witness the liquid-level measurements by the level gauges and dip-tube manometer
and the taking of IAEA samples.

(c)

During the cleanout physical inventories, which are
carried out periodically by the operator using conventional means, inspectors witness the liquid-level
measurements and the taking of samples for the IAEA.

(d)

Calibrations of the input and plutonium accountability vessels, which are very important in implementing
safeguards at a reprocessing facility, are normally
carried out once a year and witnessed by the inspectors.

3.5

Plutonium Product Storage Area*
Safeguards activities in this area may include the follow-

ing:

3.6

(a)

The witnessing by inspectors of the weighing or volume measurements of transfers of plutonium from the
area to another facility and the taking of solution
samples for the IAEA.

(b)

The verifying by inspectors of the taking of physical
inventories carried out by the operator periodically,
for example, by witnessing liquid-level measurements
and the sampling of the product storage vessels.

(c)

Measuring the liquid levels of the plutonium storage
vessels on a periodic basis to meet timeliness criteria.

Sample Treatment and Analysis
Safeguards activities may include the following:

4.

(a)

IAEA inspectors witnessing the sample taking at flow
and inventory key measurement points and confirming
transfer to the analytical laboratory.
(The operator
measures concentration and isotopic composition but
the results are not normally available to the inspectors for several days.)

(b)

Samples for the IAEA laboratory being treated by dilution and aliquots and placed into IAEA bottles in
the presence of an IAEA inspector. After preparation
the sealing of the samples by the inspector and their
dispatch to an IAEA laboratory.
(Usually the results
are not available to the inspectors for periods of
several weeks to months.)

DISCUSSION OF TASKS

The purpose, activities and results of each of
teen TASTEX tasks are summarized below.

the

thir-

The safeguards activities involving uranium product transfers and storage are not included here because none of the
TASTEX tasks relate to these activities.
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4.1

Task A - Evaluation of Performance and Application
Surveillance Devices in the Spent Fuel Receiving Areas

i)

Purpose

of

To study the feasibility of using
selected surveillance
equipment in the spent fuel receiving and storage areas.
Such
equipment could provide a record of fuel transfers into and out
of these areas that would be available to inspectors to verify
fuel movements that took place in their absence.
ii) •Activities
A systematic study was made of installing an integrated
containment/surveillance system in the fuel receiving and storage areas at Tokai.
Tests were also made on the performance
of the following equipment:
(a)

(b)

(c)

(d)

Underwater CCTV Units - one unit was used to read the
individual serial numbers on spent fuel assemblies,
and the second to monitor their transfer to the
mechanical treatment cell.
Crane Monitoring Camera - to provide surveillance of
the crane during times at which the crane is under
load.
Crane Monitor - to record the movement of the crane
to indicate when and where a spent fuel assembly was
transferred and to trigger the crane monitoring camera.
Underwater Monitoring System (radiation and hydroacoustic sensors) - to monitor fuel transfer from the
fuel transfer pool to the mechanical cell.

iii) Results
It was concluded that it was feasible to install an integrated containment and surveillance system in the spent fuel
receiving and storage areas. Tests, of the surveillance devices
demonstrated that the underwater CCTV can be used for safeguards and could be implemented at this time with no change.
The other components could be implemented at a future time.
4.2

Task B - Collection and Analysis of Gamma
Irradiated Fuel Assemblies at the Storage Pool

i)

Purpose

Spectra

of

To evaluate the applicability of non-destructive measurement techniques to improve the safeguarding of spent fuel assemblies.
If containmènt and surveillance are not adequate

12

(e.g., failure), IAEA inspectors may need to verify the declared characteristics of irradiated fuel assemblies in order
to ensure that no substitution of complete or partial fuel
assemblies has occurred.
Techniques under development
for
detecting such substitution include several types of NDA measurements.
ii)

Activities

The applicability of various non-destructive techniques
was evaluated with emphasis upon the practicability of implementation at the spent fuel storage pond of reprocessing facilities.
Review included use of high-resolution gamma spectrometry, passive neutron, Cerenkov light and gross gamma measurement techniques.
iii) Results
The quantitative characterization of the gamma-ray signature of fuel assemblies using high-resolution gamma spectrometry is recommended for independent determination of burn-up
and cooling time of the assemblies.
To get more quantitative
conclusions and to achieve a higher level of confidence in the
verification, gross gamma and neutron measurements could be
combined with the gamma spectrometry.
4.3

Task C - Demonstration of Hull Monitoring Systems

i)

Purpose

To evaluate different techniques to determine the nuclear
material content in hulls generated by the chop/leach process
in a reprocessing plant.
Measurement of the nuclear material
in hulls is important for safeguards by providing assurance
that the nuclear material residues are adequately accounted for.
ii)

Activities

The techniques evaluated were passive gamma and active and
passive neutron counting.
Measurements were made using installed equipment at Tokai and at two facilities in France.
A
critical review of the technology was made by the United States.
iii) Results
Ce-144 has a good signature for the passive gamma-ray
technique for spent fuel less than six years old.
Better
results using Ce-144 are obtained with attenuators to enhance
high energy sensitivity than with collimators.
The passive
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neutron technique could be used for fuel with longer cooling
times, but no experience is available to date.
Suitable calibration using dissolver solution or prior NDA measurement on
the assemblies would be necessary.
The active neutron techniques can provide a direct measure of the nuclear material
content of the hulls and are important for checking passive
measurements;
their application in an industrial reprocessing
plant will be difficult and only limited experience in small
plants is available. With respect to the Ge passive gamma system at Tokai further work would be useful to establish clearer
relationships between the nuclear material content of hulls and
the various fission products.

4.4

Task D - Demonstration of the Load Cell Technique for
Measurement of Solution Weight in the Accountability Vessel

i)

Purpose

To demonstrate the capability of the strain-gauge type
load cell system installed on the accountability and storage
vessels in the Tokai plant and study the possibility for improving precision, reliability and tamper resistance.
ii)

Activities

A set of load cells was installed on each of three tanks,
the input and product accountability tanks, and a plutonium
storage tank.
The system was operated for three years and
results were compared with data of the bubbler probe measurement. Data taken from the two accountability tanks were recorded on the Task E and I computers during the third year.
iii) Results
Measurement results of the load cell system do not have
the expected accuracies. This is probably due to errors introduced by piping forces and lack of long-term stability of the
instrument. Comparison showed that the load cell measurements
were not as accurate as the bubbler probe measurements but
since the devices provide a direct mass measurement that is
redundant to liquid level measurement they could be useful as a
back-up measurement and a check on the accountability measurements.
The results at Tokai do not necessarily apply to the
use of load cell systems at other facilities where such use of
load cells is taken into account in the design.
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4.5

Task E - Demonstration of the Electromanometer for
surement of Solution Volume in Accountability Vessels

i)

Purpose

Mea-

To demonstrate the applicability of an automated electromanometer system with a capability for on-line processing of
calibration and measurement data, for use with input and plutonium product accountability vessels.
This system was designed to provide automatic measurement, and a record, of the
tank liquid level and density, features which are not usually
available with dip-tube manometers.

ii)

Activities

An automated electromanometer system was designed to provide precise, automated, on-line measurements of input and product solutions.
Demonstrations and acceptance testing were
conducted at the Barnwell Nuclear Fuels Plant, Barnwell, South
Carolina.
A system was then transferred to the Tokai plant
where it was connected to the input and plutonium product accountability vessels.
The electromanometer is controlled by,
and data is recorded on, a small desktop computer.
Tests and
tank calibration were performed in September 1979 and in 1980
at Tokai. The PNC provided a three-week demonstration to IAEA
in February 1980 during the period of full testing and evaluation and a further one-week demonstration in February 1981.

iii) Results
The system feasibility was demonstrated by means of a
series of tests including calibration of the vessels and of the
effects of thermal expansion and as a result of use during 13
months of on-line plant operation.
The value to the operator
and the IAEA of the recording, display, replay, data handling
and report generation features of the system was demonstrated
as was the enhanced precision of the electromanometer as compared to conventional waterfilled manometer equipment.
The
system has been sufficiently developed and tested to be considered for Agency implementation as a safeguards technique.
The IAEA expects to develop implementation plans that will
allow these instruments to be put into routine inspector use in
the near future.
In this regard, the Agency recently acquired
its own desktop computer to evaluate Task-E results, and to
formulate procedures for use by inspectors.
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4.6

Task F - Study of Application of DYMAC Principles to Safeguarding Spent Fuel Reprocessing Plants

i)

Purpose

To investigate the feasibility of applying the basic concepts of dynamic or near-real-time materials accountancy to
small and medium-sized
spent- fuel reprocessing
facilities,
using the facility at Tokai as a model.
ii)

Activities

During 1978 and 1979 the study concentrated on the definition and evaluation of a mathematical model for the PNC-Tokai
facility. The near-real-time materials accountancy model developed aimed at a detection time for abrupt diversion of about
ten days, depending on the time required to complete analytical
measurements.
It required weekly determinations of the in-process physical inventory for the major portion of the process
MBA, and nominally allowed two or three additional days for
completion of measurements and for data reduction and evaluation.
Field testing began in 1980, with data being collected
by the PNC staff, and with evaluation being performed by the
JAERI.
In addition to the collection and evaluation of field
test data, studies have been conducted regarding procedures for
IAEA verification.
iii) Results
The study and preliminary field tests indicate that it
might be feasible to apply near-real-time materials accountancy
in the PNC Tokai facility, based on weekly in-process inventories, although further necessary work has been identified.
Some participants are of the view that the study indicates that
near-real-time materials accountancy might fulfill IAEA inspection goals.
The preliminary tests also indicate that the impact on normal facility operations could be minimized.
It is
not clear, however, to what extent an inspector can make use of
a near-real-time type accountancy system installed by the operator. More work is still needed in order to assess:
(a)
(b)
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the degree of sensitive information needed by the
inspector in the application of such a system; and
the procedures for verification by inspectors and the
necessary tamper-protection of the various measurements involved in the system, although it has been
shown that it should be possible to develop inspection procedures which would verify the near-real-time
materials accountancy data for IAEA safeguards purposes.

Some conceptual ideas for incorporating near-real-time
materials accounting into an IAEA safeguards approach have been
suggested but these are at a very early stage of development.
4.7

Task G - K-Edge Densitometer for Measuring Plutonium
Product Concentrations

i)

Purpose

To evaluate the use of the K-edge densitometer for measurement of plutonium concentration and isotopic composition in
the product solution. This system would give the IAEA and the
facility the capability for rapid, on-site analysis of samples,
and provide the inspector with timely results.
ii)

Activities

A complete system was set up and tested at LASL.^ Prior to
shipment to Tokai the system was demonstrated to IAEA and PNC
representatives by the instrument developers.
The system was
then installed in September 1979 in a glove box at Tokai and
evaluated for the measurement of plutonium product samples.
The PNC provided a one-week demonstration to the IAEA in April
1980 during the period of full testing and evaluation and again
in February 1981. A parallel French effort for Tasks G and H
involved a feasibility study for an instrument that determines
uranium and/or plutonium concentration and isotopic composition.
iii) Results
The measurement data obtained on samples of product solution at the facility are comparable with analytical chemical
results of plutonium concentration measurements.
This instrument also shows promise for plutonium isotopic analysis.
The
K-edge densitometer system appears to be a reliable and relatively rapid technique for inplant measurement of product samples
by the facility and for verification of inspection samples by
the IAEA. The application of this technique to actual IAEA inspections appears to be feasible at this time.
4.8

Task H - High Resolution Gamma Spectrometer
Isotopic Analysis

i)

Purpose

for Plutonium

To demonstrate, in comparison with mass spectrometry and
chemical analysis, the usefulness and accuracy, for safeguards
purposes, of high resolution gamma spectroscopy for rapid mea-
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sûrement and verification of the isotopic and total concentration of plutonium in the product load-out and storage areas.
ii)

Activities

A complete system was set up and tested at the Lawrence
Livermore National Laboratory and, prior to shipment to Tokai,
was demonstrated to IAEA and PNC representatives by the instrument developer.
The system was then installed in September
1979 at Tokai and evaluated for the measurement of plutonium
product samples introduced into a counting cell. The PNC provided a one-week demonstration for the IAEA in April 1980 and
again in March 1981.
iii) Results
The measurement data obtained on samples of product solutions at the facility were comparable with mass spectrometric
results of plutonium isotopic analysis.
For Pu-242, isotopic
correlations were used but more work is necessary in order to
reduce uncertainties.
This technique also shows promise for
plutonium concentration measurements, althouh it is not as advanced as K-edge densitometric techniques for this application.
The system tested appears to be a reliable method for
in-plant analysis of product samples by the facility and for
verification of inspection samples by IAEA.
Suggestions for
improving the analytical capability of the spectrometer have
been made.
4.9

Task I - Monitoring the Plutonium Product Area

i)

Purpose

The initial purpose of this task was process monitoring in
the plutonium product load-out area in order to study the concept of extended containment/ surveillance.
It was later expanded to approach near-real-time accountancy for Pu storage
with the aim of demonstrating the usefulness of a computerized
system which uses both material accountancy and surveillance
devices;
it monitored the material entering and leaving the
product area, transfers within this area and also the liquid
level in the different tanks.
The system was designed to aid
the IAEA inspector by automating the collection and recording
of data relevant to international safeguards and providing a
record of material transfers.
ii)

Activities

A computerized system, tailored to the Tokai facility, was
installed with appropriate sensors.
Continuous records were
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kept of the liquid levels in the tanks and of transfers of
solution in selected locations.
Prior to its installation in
September 1979 at Tokai, a mock-up system was demonstrated to
IAEA and PNC representatives by the equipment developers.
The
PNC gave a three-week demonstration to the IAEA in February
1980 during the period of full testing and evaluation.
iii) Results
The system operated satisfactorily providing consistent
data on the status of selected processes.
It was demonstrated
that a record could be generated without significant impact on
plant operation.
It was recognized that care should be taken,
in the application of this system, to ensure that only the data
required for safeguards should be provided.
Development of
this monitoring approach will be pursued in further studies at
the Tokai reprocessing facility.

4.10 Task J - Resin Bead Sampling and Analytical Technique
i)

Purpose

To develop and demonstrate procedures for the application
of the resin bead technique to the preparation of very small
samples of input accountability tank solutions and for the
rapid transfer of such samples.
Because of national regulations and international agreements on shipping radioactive
material, the use of small samples, containing only very low
levels of activity, would greatly simplify the transport of
IAEA inspection samples.
ii)

Activities

Training was given to PNC personnel prior to demonstration
of the technique at Tokai. Resin bead samples were prepared at
Tokai and analysed by the IAEA and the Oak Ridge National Laboratory.
The results were compared to the operator's data.
A
second set of samples was prepared using fresh dissolver solution with modified procedures to eliminate any contamination.
iii) Results
A field test incorporating revised procedures gave excellent results.
It was demonstrated that with well defined procedures and proper training, the facility staff could prepare
very low-level activity samples that would facilitate IAEA
verification and simplify transport of the samples.
Several
peripheral issues related to sample preparation procedures,
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sample shipment procedures, etc., are being pursued in parallel; when these issues are resolved, the resin bead technique
and the associated procedures can be brought into routine use
for IAEA safeguards application.
4.11 Task K - Isotopic Safeguards Techniques
i)

Purpose

To demonstrate the application of the isotopic correlation
technique (ICT) to reprocessing plant data. The technique when
combined with fuel fabrication data provides an independent
check of total uranium and plutonium and a consistency check of
plutonium and uranium isotopic compositions.
ii)

Activities

The technique was applied to data from the light water
reactor fuel processed at Tokai.
Results were analysed by
CEA/Cadarache, PNC/JAERI and Battelle Pacific Northwest Laboratory.
iii) Results
There was excellent agreement with the accountability tank
measurements for total masses on a campaign basis.
The batch
by batch agreement of total masses depends on plant design and
process history. This technique is presently used to a limited
extent by IAEA to check the consistency of facility data.
4.12 Task L Measurement
i)

Gravimetric

Method

(Pu/U

Ratio)

for

Input

Purpose

To evaluate the gravimetric, or Pu/U ratio, method for the
verification of plutonium in the input accountability tank at a
reprocessing plant. The Pu/U ratio method provides a means for
verification of the amount of plutonium in dissolved fuel that
is independent of plant head-end process and measuring equipment.
The method is based on a measurement of the Pu/U atom
ratio in an aliquot of the dissolved fuel and a knowledge of
the amount of uranium charged to the dissolver and does not involve measurement of the volume or mass of the solution.
ii)

Activities

A study was performed to evaluate the results and the feasibility of applying the Pu/U ratio technique to data from La
Hague and Tokai.
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iii) Results
The results at La Hague for quantities of plutonium in
each input batch are excellent. The Tokai results are similar
to those of the isotope correlation technique, namely excellent
agreement on a campaign basis and greater variability of individual batch comparisons.
This batch to batch variability is
due mainly to plant design.
This technique is used to check
consistency of facility data.
4.13 Task M - Tracer Methods for Input Measurements
i)

Purpose

To evaluate the tracer technique as an independent method
for the calibration and verification of the contents of the
input accountability tank and for measurement of the uranium
and plutonium content of this tank. The method is based on the
addition of an accurately known amount of a spike element to a
solution in a tank, measuring the concentration of the tracer
in the solution, and then determining the volume or weight of
the solution in the tank or the ratio of concentrations of
uranium and spike element (or plutonium and spike element).
The quantity of uranium (or plutonium) in the tank can then be
calculated.
ii)

Activities

Studies were performed in the US and France to evaluate
the results and status of applying the tracer technique.
iii) Results
The addition of the tracer through a long addition line
and the subsequent mixing of the tracer with the tank solution
represent the largest potential sources of error in the method,
especially in existing facilities.
The basic principle of the
tracer method for tank calibration, volume verification measurements and evaluation of uranium and plutonium amounts in
the tank is sound, but additional investigative efforts are
needed to determine the practicality of the technique in actual
process applications.

5.

CONCLUSIONS

Significant progress was made in assessing the technologies involved in each of the thirteen tasks in terms of their
applicability and utility to IAEA safeguards at the reprocessing plant.
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The techniques developed under Tasks E, G, H and part of
Task A have been shown to be technically feasible for international safeguards application, and the additional work which is
required to place them into routine use by IAEA inspectors has
been defined by the IAEA.
Parts of each of these techniques
could be implemented fairly soon for safeguards.
The additional work required includes:
(a)
(b)
(c)
(d)
(e)
(f)

acquiring additional data on the reliability, precision and accuracy of the instruments and measurements;
training Agency personnel on the operation of the
equipment ;
modifying the equipment based on Agency recommendations ;
developing and testing independent verification techniques and addressing the system vulnerabilities;
generating inspection procedures including verification procedures; and
integrating the instruments into an overall safeguards plan.

The technical feasibility of Tasks C, J and other parts of
Task A need to be demonstrated.
This can be done at Tokai.
Tasks F and I may be of significant importance provided that
their applicability to international safeguards, in particular
the degree of access to commercial information that would be
given to the IAEA, can be established.
Further development is
therefore needed. Tasks K and L are useful for verifying input
plutonium quantity on a campaign basis.
Tasks B, D and M are
of undetermined applicability at Tokai.
With regard to Tasks E, G, H and part of Task A, testing
and demonstration for implementation of the Agency safeguards
are strongly expected to be continued with the cooperation of
the facility operator through technical support programmes to
the IAEA!
TASTEX has accomplished its agreed purpose and has been a
successful programme in international cooperation for the improvement of safeguards technology.
International cooperation
is essential for improvement of safeguards and a TASTEX type of
programme among others could be an appropriate vehicle for the
further development of safeguards techniques in the nuclear
fuel cycle.
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1.

INTRODUCTION

This report summarizes the work carried out in furtherance
of TASTEX Task A - "Evaluation of Performance and Application
of Surveillance Devices in the Spent Fuel Receiving Areas".
The feasibility studies required for this task were performed mainly in the USA at the Sandia National Laboratories
and the practical tests were conducted at the Power Reactor and
Nuclear Fuel Corporation (PNC) Reprocessing Plant at Tokai-mura.
This report has been prepared and is presented by the team
from Japan and embodies the contribution from Sandia National
Laboratories.

2.

PURPOSE

The purpose of Task A was to select and test a containment
and surveillance (C/S) system that could be used in the spent
fuel receiving and storage areas at the Tokai plant.
The record made by the equipment of the movement of fuel into and out
of each of these areas was to be capable of being used by IAEA
inspectors to verify fuel movements that took place in their
absence.

3.

DESCRIPTION OF TECHNOLOGY, EQUIPMENT AND PROCEDURES

3.1

Fuel Handling and Transfer Operations

A description of the plant is given in the Executive Summary
(section 2, p.8).
Figure 2 illustrates the following descriptions.
Fuel handling and transfer operations in this area can be
described as follows:
(a)
(b)

(c)
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Incoming fuel contained in a shipping cask within a
trailer is driven into the truck airlock.
The loaded cask is transferred by the 110 tonne overhead crane to the cask decontamination room for the
necessary decontamination and flushout of the inner
water.
The cask is then placed under water in the
Cask Unloading Pool (CUP) by the crane.
The fuel is removed from the cask by the pool crane
and inserted into the storage basket.

:Fuels Flow

L _
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Camera

Crane Monitor
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FIG.2.

(d)

(e)

(f)

3.2

Spent fuel receiving and storage area at Tokai.

The basket containing the fuel is loaded by the pool
crane onto a shuttle cart running between the CUP and
the Fuel Storage Pond (FSP) and introduced into the
storage pond. Next, the basket is removed from the
shuttle cart by the pool crane in the FSP and placed
in a storage location.
Baskets containing fuel assemblies which are scheduled for reprocessing are loaded by the storage pond
crane onto a shuttle cart travelling between the pond
and the Fuel Transfer Pool (FTP) and introduced into
the pool.
Each fuel assembly is removed from the
basket by the transfer pool crane and placed in a
horizontal position on a conveyor by the rocker arm
for transfer to the shearing process stage.
The empty cask is shipped out by carrying out the
procedures (b) and (a), in that order, in reverse.

C/S Considerations

For safeguards purposes, the most important procedure in
the above sequence of operations is the identification of the
fuel at the entry to and exit from each stage.
Since the nu-
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clear materials involved are always contained in individual
fuel assemblies in the fuel receiving and storage area, safeguards can be based on item accountancy using fuel assembly
identification numbers, supported by surveillance of material
transfers to detect abnormal events.
However, direct visual
identification of the unique number engraved on each fuel
assembly is difficult, while the continuous inspection regime
that would be required to maintain continuity of knowledge of
fuel location would create a very heavy workload for the operator and IAEA inspectorate. Considering this problem, a feasibility study was carried out at Sandia National Laboratories in
the USA and some devices were demonstrated.
3.3

The US Feasibility Study

In carrying out the study, the following
formed:
(a)
(b)
(c)
(d)
(e)

(f)

(g)
(h)

3.4

steps were

per-

The design of the spent fuel receiving area at Tokai
was reviewed;
Safguards concerns were identified;
Performance requirements of the containment and surveillance system were determined;
The applicability of present and/or planned Japanese/IAEA instruments was evaluated;
Other instruments that might be required to meet the
Task A system performance requirements were identified;
The question of changes required to make the Japanese/IAEA instruments compatible with system requirements was addressed;
A description of a potential surveillance system was
provided; and
Experiments were carried out using the Underwater
Radiation Monitor (URM) and the Pool Acoustic Monitor (PAM).

Description of PNC Visual Surveillance Devices

Two categories of visual surveillance systems were employed for the purpose of the test programme: photographic and
closed circuit television (CCTV).
3.4.1

Photographic System

The photographic system consisted of a ROBOT 36CE
camera which had a magazine capacity of 200 ft of 35 mm roll
film (Fig. 3).
Automatic frame advance was effected by an
electric motor.
The interval between exposures could
be

28

FIG.3.

FIG. 4.

Robot

36 CE camera.

CCTV camera unit in the fuel transfer

pool.

29

FIG.5.

Video recorder unit for the FTP camera.

regulated in a range from 1 frame/sec. to 1 frame/20 minutes.
The camera and motor were contained in a waterproof housing.
3.4.2

CCIV Systems

Two types of CCTV systems were employed, one was used
for the fuel transfer pool and the other for the cask unloading
pool movements.
CCTV in the Fuel Transfer Pool - This system (Figs. 4
and 5) consisted of a TV camera and a video monitor/
recorder which was capable of recording continuously
for 384 hours, i.e., 16 days with an interval of
approximately 5 seconds between shots. The equipment
was manufactured by the NAC Company.

30

FIG. 6.

CCTV in the cask unloading

pool.

CCTV in the Cask. Unloading Pool — The main components
of this system (Fig. 6) were an underwater TV camera,
a pan/ tilt unit, an up/down motor unit and a system
controller. The equipment was manufactured by the QI
Company.

3.5

Description of the Crane Monitor

This equipment (Fig. 7)consisted of a unit connected to
the relays in the control circuit of the crane and capable of
detecting travel of the crane girder, traversing of the crane
trolley, and vertical movements of the crane hoist, together
with a unit which recorded these movements on a disc chart.
Each chart could record input for a maximum period of 16 days.
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FIG. 7. Crane

3.6

monitor.

Description of the Sandia Feasibility Test Instrumentation
for the Transfer Pool

The equipment used for monitoring radiation signals included three Geiger-Mueller tubes enclosed in waterproof housings,
electronics for signal conditioning and a strip chart.
The
acoustic monitoring system consisted of a hydrophone, an amplifier and an analogue tape recorder.

4.

DESCRIPTION OF THE INSTALLATION, DEMONSTRATION AND TEST OF
THE EQUIPMENT

The location of the installed equipment is shown in Figure
2. All items were installed in the period of June 1978 through
June 1979.
4 .1

Photographic Camera Assembly

This assembly was mounted on the fuel cask crane structure
so that its field of view covered any item being handled by the
crane.
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4.2

CCTV in the Fuel Transfer Pool

The camera was installed on the bank of the Fuel Transfer
Pool where it could monitor the movement of fuel assemblies
carried by the conveyor in the pool.
4.3

CCTV in the Cask Unloading Pool

This unit was installed on the platform of in the cask unloading pool crane.
The underwater camera was suspended from
the pool crane and could be commanded to take up any angle
needed to enable the identification number of a chosen fuel
assembly to be viewed.
4.4

Crane Monitor

This monitor was installed on the bridge of the fuel cask
crane together with the recorder to monitor the crane movements.
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4.5

Sandia Test Instrumentation

The three underwater radiation detectors and the underwater hydrophone were installed along the sidewall of the FTP
to monitor the fuel movements from this area to the mechanical
cell (Fig. 8).
Three assembly transfers were observed.
During the first
two movements, anomalous results were obtained from one radiation sensor (R 2 in the figure). It was discovered that an interference existed between the rocker arm assembly and the sensor. To correct this problem before the final fuel movement, R
1 and R 2 were moved one metre farther away from the rocker
arm, but the same depths were maintained.
Radiation signals
during the final fuel movement behaved as expected.
Acoustic
signals were recorded throughout the test.

5.

TEST RESULTS AND EVALUATION

The following results were obtained from the demonstration
and test.
5.1

Photographic Surveillance Camera

This camera gave a good performance and produced clear
photographs throughout the rehearsal of the handling of the
HZ-type cask during the period from November through December
1978. However, the longest interval setting between exposures
- 1 frame every 20 minutes - was too short to permit coverage
for the duration of the normal cask handling operation.
The
camera mechanism was modified to permit the shutter to be
triggered only when the crane was on load. The modified system
was initiated in August 1979 and continued to operate during
subsequent cask receiving operations without any major problems
arising.
However, film setting and re-setting was slightly
troublesome and the stability of the shutter drive mechanism
was unsatisfactory.
5.2
5.2.1

Closed Circuit Television
CCTV in the Fuel Transfer Pool

Since the introduction of this system in July 1978,
it has functioned well. The camera has proved capable of producing good pictures in the range of lighting conditions that
have occurred since the inauguration of the test and these conditions therefore placed no special restrictions on its use.
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However, the SIT tube in the camera had almost reached its life
expectancy by the end of the test period and malfunction of the
power supply module for the camera caused some trouble in
December 1980; both components were later replaced.
5.2.2

CCTV in the Cask Unloading Pool

The system was introduced in June 1979 and since
August 1979 has been used to identify the fuel numbers on BWR
and PWR fuels in the receiving area.
In November 1980, the
camera lens was replaced by a zoom type in order that a wider
field of view could be obtained.
In practice, it was possible to verify the identification number of each fuel assembly although, at times, changes
in the lighting conditions adversely affected visibility making
verification difficult.
5.3

Crane Monitor

The cask crane monitor worked well from the installation
of the system in June 1978.
A modification was introduced to
initiate the operation of the surveillance camera only when the
crane was under load and, subsequently, data were collected
throughout actual cask handling operations.
Although the information recorded on the chart was limited to crane travel and
to loads heavier than the setting level, it was still difficult
to correlate the record with actual crane operations.
5.4

Underwater Monitors in the Transfer Pool

The data obtained in the feasibility test in the FTP was
as predicted and was repeatable.
A clear sequence of signals
was received from each operational step giving the following
indications :
(a)
(b.)
(c)

A strong radiation source was moving from the area of
the rocker arm assembly.
A strong radiation source was being rotated with the
rocker arm assembly.
A strong source was moving on the conveyor.

Additionally, in steps (b) and (c), the direction of
travel could be determined, thus demonstrating that a continuous independent record of fuel transfers into the mechanical
cell can be provided by radiation monitoring.
Analysis of the acoustic signals could not be done onsite
during the feasibility test with the equipment available.
Analysis of the recorded data is in progress.
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6.

ASSESSMENT OF RESULTS

6.1

Photographic Camera Assembly

The photographic camera system as installed in the crane
room has the advantage of simplicity and clarity in producing a
surveillance record.
It is considered to be adequate to perform the role in which it was used but defects showed up in the
shutter drive mechanism of the ROBOT camera used for the test
and the system of film setting caused problems.
6.2

CCTV Systems

The CCTV systems proved generally effective for remote
surveillance of fuel movements but some lighting difficulties
were encountered in connection with the operation of the camera
installed in the cask unloading pool.
6.3

Crane Monitor

The monitoring devices fitted to the cask crane were
reliable i n operation but correlation of the pattern recorded
on the disc chart with the actual crane movements proved dif —
ficult.
6.4

Underwater Monitors

/
The three radiation sensors installed in the fuel transfer
pool gave clear and adequate indications of the movement of
fuel into and out of the pool and can be considered satisfactory. The behaviour of the acoustic sensor cannot be evaluated
until the study of the record made of its signals has been completed.

7.

CONCLUSIONS

The results of the tests described above confirm the findings of the feasibility study conducted by Sandia National
Laboratories;
namely, that an integrated C/S system could be
installed and operated effectively at the spent fuel receiving
and storage area of the Tokai plant. The choice, installation
and operation of the equipment used in this system was shown to
produce results that met the objectives of Task A.
In carrying out this task it was recognized that the system employed could only provide records of past events.
However, should a special inspection take place as a result of
information received from other sources, the devices used in
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the system should provide indispensible confirmation of what
had actually occurred. Accordingly, they could form part of an
integrated safeguards system.

8.

RECOMMENDATIONS

8.1

Photographic Surveillance Camera

Modifications are needed to improve the stability of the
shutter drive mechanism of the camera. Film setting and resetting should be made easier.
In addition, the camera should be
modified to enable the shutter to be triggered by a signal
external to the camera assembly.
8.2

Lighting in the Cask Unloading Pool

Modifications should be made to the lighting system in
this pool to enable the identification numbers on the. fuel
assemblies to be seen clearly by the camera as required.
8.3

Crane Monitoring System

Investigations are required to determine a reliable method
of establishing a correlation between the actual crane movements and the record of these movements as measured by sensors.
8.4

Transfer Pool Monitoring

A strategic point for materials accounting, containment
and surveillance is the Fuel Transfer Pool where the transfer
of fuel from the storage area to the first stage in reprocessing can be monitored. The applicability of sensors in the FTP
area has been demonstrated and there is a need for the further
development of independent monitors which are integrated into a
system that has the necessary performance verification and
tamper-indicating features to provide the required reliability
and that can be independently verified by the IAEA.
Under a task presently being performed for the IAEA, performance verification, tamper-indication and inspector, interface technology is being developed and demonstrated to the
IAEA.
The integrated Monitoring System being developed under
that task includes above water radiation sensors and crane
monitors with tamper-indicating sensor modules, a data collection module and an inspector display module.
A variation of
this system to include the underwater radiation monitors along
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wi th an appropriate data analysis algorithm for the data col—
lection model would constitute an operational system with the
desired characteristicsIt is, therefore, recommended that a system based upon
underwater radiation sensors and incorporating the necessary
performance verification and
tamper-indicating
features be
developed for operational testing in the Fuel Transfer Pool.

9.
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1.

INTRODUCTION

If a containment and surveillance system cannot achieve an
adequate performance, or if it suffers component failure, IAEA
inspectors may need to verify the declared characteristics of
irradiated fuel assemblies in order to establish whether or not
[some or all of the nuclear material in safeguarded fuel assemblies has been removed and replaced by other materials] [substitution of complete or partial fuel assemblies has occurred].
Non-destructive measurement techniques can be used by the
inspector to verify independently the declared nuclear material
content of irradiated fuels in the storage pond of a reprocessing facilty.
In addition to meeting safeguards requirements,
non-destructive measurements can provide facility management
with essential data for reconciliation of
shipper-receiver
differences, process control, transfer of ownership, economic
settlements, in-plant materials management and criticality control.

2.

PURPOSE

To evaluate the potential of existing non-destructive measurement techniques to improve the safeguarding of spent fuel
assemblies.

3.

DESCRIPTION OF TECHNOLOGY, EQUIPMENT AND PROCEDURES

The specific non-destructive techniques evaluated include
gross gamma-ray, spectral gamma-ray, Cerenkov light and neutron
measurements.
Each of the three participants (PNC/JAERI, CEA
and LASL) in the task has prepared reports summarizing their
results and conclusions.
The following three sub-sections will
review the results of the three investigations.
The fourth
section discusses the detection sensitivity of the proposed
measurement system to possible diversion paths for spent fuel
assemblies.
The last section summarizes the conclusions of the
participants and identifies areas where additional work could
be performed to improve the measurement techniques.
3.1

PNC/JAERI. Summaryt 1 J

Non-destructive techniques were reviewed and evaluated to
determine the applicability to the Tokai Reprocessing Facility
for the development of safeguards techniques in reprocessing
plants.
Seventy-two fuel assemblies from the experimental BWR
reactor, JPDR-I, were measured using gamma-ray spectrometry.
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Linear correlations were established relating the Cs-137 activity to declared burn-up and the Cs-134/Cs-137 isotopic ratio
to the calculated Pu/U ratio.
Separate correlations were determined for three irradiation environments in the JPDR-I reactor:
(1) unperturbed region, (2) perturbed region adjacent to
control rod positions, and (3) core periphery adjacent to the
reflector.
The measurements were performed at the reactor facility
using a gamma-scanning apparatus temporarily installed on top
of the spent fuel storage racks. Each fuel assembly consisted
of a square array of 36 fuel pins in a channel box. Each fuel
pin consisted of two 72 cm long fuel segments containing 2.6
wt. percent enriched U02Radial and axial gamma scans were
obtained on selected fuel assemblies to investigate the distribution of fission products.
The data were corrected for attenuation, cooling time, background and pulse pile-up.
The measured isotopic distributions showed that the production of fission products in this type Of BWR fuel assembly
is difficult to predict calculationally because of the influence of control rods, water gaps, poison curtains, and void
formation. However, the effect of these factors on the fission
product distributions in a specific fuel assembly makes it
possible to distinguish it from other assemblies irradiated
under different conditions.
The correlation between the Cs-137 activity and the intensity ratio of Cs-134/Cs-137 or Eu-154/Cs-137 was examined in
connection with the spatial variation of neutron spectrum in
the reactor core. The neutron spectrum depends on the neutron
absorption, leakage, and slowing down in the fuel assembly, and
the spectrum is affected by control rods, poison curtains,
voids, water gaps, and reflector surrounding the fuel assembly.
Changes in the correlations of Cs-137 and Cs-134/Cs-137
with burn-up and Pu/U ratio were found to correspond with the
hardening of the neutron spectrum due to an increase in the
void fraction.
To interpret correctly these measurements,
these effects must be incorporated into the data analysis.
The consistency of the Cs-134/Cs-137 isotopic correlation
with the build-up of Pu in 57 fuel assemblies was determined by
measuring the deviation of the measured results of individual
fuel assemblies from the fitted line.
A total of over three
tonnes of uranium was processed in batches of four fuel assemblies each during the campaign.
The total Pu measured destructively for all input solutions during the campaign was 5.40 kg,
which agrees very well with the value of 5.47 kg estimated from
gamma measurements, whereas the predicted value by calculation
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was 5.61 kg.t^J
These results demonstrate excellent agreement on multiple batches over an extended campaign but large
variations in the range of 20-30% were observed in some individual batches.f^J
Because of spatial and operational restrictions in the
Tokai Reprocessing Facility, it is difficult to find a suitable
location to install a non-destructive examination system.
The
most likely location for installation of a gamma-ray system is
between the fuel transfer pool and the mechanical processing
cell, in conjunction with gross-gamma measurements at the cask
unloading pool. This would allow fuel verification at the cask
unloading pool and shipper-receiver difference verification by
quantitative measurements before the chop/leach process at the
fuel transfer pool.

3.2

Commissariat a l'Energie Atomique

Summary^

A feasibility study of the application of non-destructive
techniques and their impact on the reprocessing facility is
being prepared.
Some of the techniques that are proposed can
also be useful to the facility operator in addition to their
primary application to international safeguards.
A gamma-scanning system is being developed
tion in future reprocessing facilities:
(a)

(b)

for

installa-

to confirm that the fissile content of the fuel assembly is less than a threshold quantity in order to
avoid criticality problems in the dissolver, and
if possible, to use this information to perform an
input measurement for each fuel assembly.

The system design includes two fixed germanium detectors on
opposite sides of the fuel assembly, with two separate spectra
being recorded for each assembly.

Instead of attempting to measure burn-up accurately from
the fission product activities and then to correlate this value
of the Pu content, another method of verification could be employed which consists of determining the class to which a fuel
assembly belongs by comparing the declared and measured values
of two parameters:
burn-up and cooling time.
If these declared and measured values are consistent, then the fissile
content can be obtained from calculational techniques used by
the reactor operator.
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Parametric studies have been performed to determine the
influence of various parameters on the determination of the
fissile content of a fuel assembly. The accuracy of the determination of fissile content depends primarily on two factors:
(a)
(b)

the precision of the measurement of the fuel assembly
that is strongly dependent on the counting time, and
the irradiation history information provided by the
reactor operator.

If the following information
identified fuel assembly:
(a)
(b)
(c)
(d)
(e)

were

available

for

a

well

date of start-up and end of each irradiation cycle;
burn-up for each cycle;
simplified power history for each three-month period;
initial fuel enrichment; and
initial uranium content in the fuel assembly,

the burn-up could be determined calculationally with an uncertainty of less than 5%, the cooling time with an uncertainty of
less than two months, and the fissile content with an uncertainty of about 2%.
Additional comparisons between non-destructive and destructive measurements are required to provide a data base from
which the applicability of this technique can be extended to
other fuel assemblies.

3.3

Los Alamos National Scientific Laboratory Summary

The applicability of various non-destructive techniques
were evaluated with emphasis on the practicality of implementation at the Tokai Reprocessing Facility. The complexity of the
specific measurement system selected also depended on the level
of verification necessary to satisfy established IAEA requirements. This evaluation was not restricted to only the analysis
of high resolution gamma spectrometry (HRGS) techniques, but
included passive neutron, Cerenkov light, and gross gamma-ray
measurement techniques.
Each of these measurement techniques can be separated into
two types of measurements:
qualitative (attribute) measurements that indicate that the full assembly has the correct
radiation signatures, and quantitative (variable) measurements
that relate measured parameters to specific characteristics of
the irradiated fuel assembly, e.g., burn-up or fissile content.
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Qualitative measurements may include the measurement of
the Cerenkov light, gross gamma, or passive neutron signatures
of irradiated fuel assemblies.
Each of these measurements has
been demonstrated to be applicable to qualitative verification. t i Quantitative measurements are generally more difficult, with HRGS being the most widely accepted technique. [6]
By combining HRGS with gross gamma and passive neutron measurements a higher level of verification can be attained than by
using an individual measurement technique.
Measurement of the axial gross gamma activity of a fuel
assembly can provide information about the integrity of the
fuel assembly as well as approximate values for the irradiation
exposure.
Multiple ionization chambers, Be (7, n) detectors,
and scintillators can be used to measure rapidly the axial
gamma profile without physically scanning the fuel assembly.
The Be (7, n) detector is only responsive to gamma-ray energies
above the 1660 keV threshold with the fission product gamma ray
of Pr-144 (2186 keV) being the dominant gamma ray above this
threshold. Gamma-ray measurements are limited by self-attenuation and detect gamma rays originating primarily in the outer
rows of the fuel assembly.
Passive neutron méasurements of a fuel assembly can also
provide information that is not available using an HRGS measurement system. Neutrons have higher penetrability than gamma
rays so that neutrons originating throughout the fuel assembly
are measured.
The primary sources of neutrons in an irradiated fuel
assembly having exposures greater than 15 GWd/tU are Cm-242 and
Cm-244. Cm-242 has a short half-life of 163 days and its concentration is very dependent on the irradiation history, with
the Pu-241 isotope being the critical precursor in its formation chain. After about three years cooling time, the contribution of Cm-242 to the total neutron source strength is less
than 5%.
Therefore, the neutron activity of a fuel assembly
with a cooling time greater than three years is dependent primarily on the relative concentration of Cm-244, which has an
18.11 year half-life.
For exposures between 15 and 38 GWd/tU, the neutron emission rate is correlated with exposure via the following power
function: neutron rate = a (Exposure)/? , where the value of ß
is approximately 3-4 and a is a scaling factor.
This relationship has been established experimentally for both PWR and
BWR assemblies.
These measurements can be performed rapidly
with simple electronics and detectors.
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Active neutron interrogation has the advantage of directly
measuring the fissile content of the assembly without establishing a correlation between an indirect parameter and the fissile content.
No experimental work has been performed, but
studies have shown that application of this technique should
yield results with precision in the range of 5-11%.
An NDA system incorporating HRGS, passive neutron, and
gross gamma profile measurements was recommended for implementation. This system would provide information about:
(a)
(b)
(c)

the irradiation history of the assembly using the
HRGS,
the
relative
concentration
of
neutron
producing
actinides, and
the axial gamma profile to ensure the integrity of
the fuel assembly.

Each measurement gives information about a separate characteristic that can be compared with data for similar fuel
assemblies to check for the consistency of the measurements.
Combination of the three measurements establishes a greater
confidence level than that of any one individual measurement.
In the spent fuel unloading area, as the fuel assemblies
are unloaded from the cask, each assembly would be placed in
the positioning fixture of the detection system. Because there
is no physical scanning, the fuel handling tool can remain
attached to the assembly. After the specified counting period
(probably less than 15 min.), the assembly can be placed in the
storage container and transferred to the storage pool.
If the
NDA system were to be installed in the spent fuel unloading
area, its design and installation would have to be coordinated
with the operations personnel to ensure that it did not interfere with the normal operations there, e.g., the crane movement.

4.

DISCUSSION

An NDA system that measures a variety of radiation signatures of a spent fuel assembly reduces the number of possible
diversion
paths.^^
Generically,
two
types
of
diversion
strategy are possible. The first is the introduction of clandestine feed material into the process area. The second is the
removal of the spent fuel material and transfer out of the
safeguarded fuel cycle. Either strategy could include concealment of materials, for example by data falsification or material substitution.
In Table II, six possible diversion paths
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TABLE II. POSSIBLE DIVERSION PATHS FOR SPENT FUEL ASSEMBLIES

Scenario

Ch a n g e in

Spectral

Gamma

Detectable"'"

Detectable"'"

Detectable"'"
Detectable

Passive

Neutron

(a)

Data

(b)

S u b s t i t u t i o n of c o u n t e r feit fuel a s s e m b l y w i t h out r a d i o a c t i v e sources

Detectable

Detectable

(c)

S u b s t i t u t i o n of c o u n t e r feit a s s e m b l y w i t h g a m m a
ray source (i.e. C o - 6 0 )

Not
2
Detectable

Detectable

Detectable

(d)

S u b s t i t u t i o n of c o u n t e r feit fuel a s s e m b l y w i t h
only f i s g i o n p r o d u c t s
replaced

Not
2
Detectable

Not
2
Detectable

Detectable^

(e)

S u b s t i t u t i o n of c o u n t e r feit fuel a s s e m b l y w i t h
fission p r o d u c t s and
curium i s o t o p e s
replaced

Not
2
Detectable

Not
2
Detectable

D e p e n d s on the
source distri2
bution

P a r t i a l r e m o v a l of

Depends
amount
removed

D e p e n d s on
amount
removed

Depends
amount
removed

(f)

falsification"'"

Signatures

Gross G a m m a

pins within
assembly

the

fuel

2

on

D e p e n d s on the p r e c i s i o n of the m e a s u r e m e n t
between

the true and falsified

2

technique and the

on

difference

values.

For the s c e n a r i o s (c), (d) and (e) two cases should be considered In
order to reflect m o r e precisely the effect of the source d i s t r i b u t i o n .
If the a c t u a l distributions of fission p r o d u c t s and n e u t r o n sources are
m e a s u r e d , it m a y be p o s s i b l e to detect changes in the p r o f i l e s using
the g r o s s and spectral g a m m a or n e u t r o n signatures by c o m p a r i n g the
m e a s u r e d r e s u l t s w i t h theoretical c a l c u l a t i o n s .
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are given with their individual effects on the three measured
parameters.
Only the fifth and sixth paths have the potential
of avoiding detection when the three signatures (gross gamma,
spectral gamma, and passive neutron) are measured.
The effort
required to avoid detection of a diversion is large in either
of these two cases. Moreover, the sensitivity of the measurements is related to the measurement times that could be increased when a diversion is suspected. Active neutron interrogation of the fuel assembly would probably detect a change in
the measured signature for all six diversion paths.

5.

CONCLUSIONS

Each of the participants of the task evaluated the applicability of non-destructive measurement techniques to improve
the safeguarding of spent fuel assemblies at the Tokai Reprocessing Facility.
In addition to satisfying safeguards requirements, these measurement techniques could also help satisfy facility operating requirements. Non-destructive techniques
evaluated included:
(a)

(b)

(c)

high resolution gamma spectrometry to determine the
burn-up and cooling time of individual fuel assemblies;
multiple gross gamma-ray detectors to measure the
axial profile of the fuel assemblies without physical
scanning; and
neutron detectors to obtain information about the
concentration of transuranic isotopes.

All of the participants recommended the use of an HRGS
measurement system to characterize the gamma-ray signatures of
the fuel assemblies.
Combining the HRGS measurements with
axial gross gamma-ray and passive neutron measurements, the
level of verification could be improved without significantly
increasing the complexity of the measurement system.
The installation of the NDA measurement systems in the cask unloading
pond or the fuel transfer pond should be evaluated to ensure
that the system does not adversely affect the facility operations.

6.

RECOMMENDATIONS

The non-destructive measurement techniques described in
this summary have been applied to the characterization of both
PWR and BWR spent fuel assembliess. The applicability of these
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techniques could be further improved
ing additional work:

by performing

the follow-

(a)

Evaluation of the effects of diverse in-core irradiation histories on the gamma-ray and neutron signatures of irradiated fuel assemblies.

(b)

Comparisons
of
non-destructive
measurements
with
destructive analyses are essential to establish the
applicability of the NDA techniques.

(c)

Evaluation of specific measurement techniques, accuracy requirements, and development of detailed procedures to satisfy IAEA inspection requirements.
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1.

PURPOSE

The cladding pieces, called "hulls", which are generated
duing the chop/leach process in a reprocessing plant are stored
as highly active solid waste. These hulls contain a small residue of nuclear material which should be measured for accountability and process control. The purpose of this task was to
evaluate the different techniques which can be used to measure
the fissile residue in leached hulls.
Results were compared
for hull measurement systems at the Tokai and La Hague reprocessing plants.
2.

DESCRIPTION OF METHODS

Both passive and active non-destructive techniques have
been developed to measure leached hulls.
Delayed Neutron
Activation Analysis techniques are used to directly measure
fissile content.
Fission products or transuranic nuclides are
measured with passive gamma-ray or neutron counting;
these can
then be related to the fissile content.
Passive gamma-ray
measurement systems have been installed at the Tokai and La
Hague plants. An active neutron interrogation system has been
installed at one of the La Hague plants.
3.

DESCRIPTION OF TOKAI AND LA HAGUE HULL MEASUREMENT SYSTEMS

3.1

Tokai System

A dissolver batch has two baskets, each of which can hold
the sheared pieces of one BWR assembly or one half of a PWR
assembly. The oxide fuel is dissolved with nitric acid and the
hulls are then rinsed with dilute nitric acid. One of the baskets is then removed from the dissolver and mounted on the
scanning mechanism of the hull monitor. The basket is rotated
at 5 rpm.
Two vertical motions are possible:
a continuous
scan of 10 mm/min or a stepwise scan performed with 10 cm steps.
The dissolver basket is a 200 mm diameter by 1800 mm long
cylinder.
The effects of radiation non-uniformities are reduced by the rotation of the basket, therefore the radiation
source can be analysed as though it were concentrated on the
vertical axis of the basket. The hull monitor is shown in Fig.9.
3.2

La Hague System

3.2.1

tainer
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Active Neutron System at the AT-1 Facility
This system is illustrated in Fig. 10. The hull conis 100 mm in diameter and 950 mm long.
The neutron

accelerator is considered to be a point source, so five measurements are made at 200 mm intervals along the vertical axis
to obtain a more uniform response from all parts of the container.
The system has been calibrated by measuring the response of known fuel masses of the types being reprocessed.
This adequately accounts for the measurement geometry and
possible differences in response due to isotopic composition of
the fuel.
3.2.2

Gamma Spectrometry System at the AT-1 Facility

The ratio of Pr-144 to Co-60 (or Mn-54) is measured
before and after the chop/leach process.
The undissolved fuel
quantity is then determined assuming that the amount of structural material (i.e., the source of Co-60 or Mn-54) remains
constant. The hull container is rotated at 40 rph and scanned
vertically past the collimator.
This system is shown in Fig.11.
3.2.3

Gamma Spectrometry System at the HAO Facility

This system is shown in Fig. 12.
Six Nal detectors
are used to reduce the response variations from different parts
of the hull basket;
they are arranged in two groups of three,
located approximately 1/4 of the distance from each end of the
basket.
The detectors are equally spaced around the basket,
approximately 1300 mm from the axis.
These detectors measure
the gamma-ray activity from the fission product Ce-144 (Pr144).
The system has been calibrated using a standard made
from a portion of an irradiated PWR fuel assembly. The sample
contained 2.5 kg of fuel or approximately 0.5% of the initial
fuel content of the PWR assembly; its Pr-144 activity was well
known.
The detection and measurement uncertainty of this
system are both approximately 0.1% of the initial fuel charge.

4.

TEST RESULTS AND EVALUATION

4.1

Tokai Experience

The hull monitor was first calibrated with a Co-60 source
and a single channel analyser.
During all of the hot test
campaigns Nal spectra were made with a multichannel analyser to
look for measurable nuclides, especially Pr-144. The low resolution of the Nal detector made it difficult to measure peak
areas for individual nuclides.
Measurements were made of BWR
and PWR fuels. Later, a Ge detector was used to measure relatively high burn-up fuels processed during the preliminary
Text continued

on page 58.
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Detectors : 4 boron-lined
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: the polyethylene block is lead-lined to attenuate the gamma
flux from the reprocessing container and from the cell
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b. 250 m m long x 80mm diameter
c. 150 mm long x variable diameter (1.6, 3, A and 6 mm).
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- Encoder and Memory storage unit

(4000 channels)

- Clock generator
- Data printer

FIG. 11.
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guarantee test and guarantee test campaigns.
The high resolution of this detector made it possible to measure the activity
profiles of Rh-106, Sb-125, Cs-134 and Cs-137, as well as Pr144.
After the guarantee test, measurements were made of
assemblies discharged from MIHAMA-2 (PWR), SHIMANE-1 (BWR),
GENKAT-1 (PWR) and MIHAMA-1 (PWR). The assemblies had burn-ups
of 12 021 - 29 844 MWd/MtU and cooling times of 943 - 2757
days. Twelve different cases were measured. The data analysis
continues, but the major conclusions are discussed below.
For fuels with long cooling times the 2.18 MeV peak of
Pr-144 is difficult or impossible to detect. The count rate in
the Ge detector is very low and long measurement times are
required.
For a typical case, the fuel residue remaining on the
hulls was estimated by comparing the measured fission product
activity in the basket with the fission product inventory calculated to be in the original fuel assembly using the ORIGEN
code. These values were:
Cs-137:
Cs-134:
Pr-144:

0.3 + (0.002)%
0.2 + (0.006)%
0.2 + (0.08)%

where the uncertainty
ting statistics.

includes only

that estimated

from coun-

The two vertical scan procedures often gave different
results. The gamma ray intensity is not uniform along the axis
of the basket but contain regions of very high activity usually
corresponding
to
structural
hardware
from
the
chopped
assembly.
The live time fraction can be very low at such
points;
the continuous scan procedure assumed constant live
time and therefore could have considerable error.
A possible
improvement would involve fabrication of a scan mechanism which
would regulate the vertical speed to achieve a constant live
time per unit scan distance.

4.2

French Experience

The analysis of results obtained during several years experience at the La Hague plants permits some conclusions to be
drawn regarding the three measurement techniques: active neutron assay, gamma assay with a Ge detector, and gamma assay
with a Nal detector.
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Measurements of the same hull samples with active neutron
assay and gamma-ray spectrometry show no systematic deviation
between the two methods.
The random error in these measurements was approximately 20%.
The active system measures the
fissile nuclear material directly whereas the gamma-ray system
measured the fission product activity.
The agreement of the
two methods supports the assumption that the fission product
activity in the hulls is directly proportional to the nuclear
material residue.
The experience at the HA0-UP2 facility shows that Nal
detectors may be used for the routine measurement of large hull
quantities with short measurement times.
It also shows that
the Pr-144 is measurable for fuels with cooling times up to six
years.
For longer cooling times a passive neutron assay system is
preferable.
This system would be calibrated by measuring the
neutron activity of the fuel assembly before dissolution or by
measuring a sample of the dissolver solution.
The practical detection threshold and measurement uncertainty is of the order of 0.1% of the initial nuclear material
contained in the dissolver basket.
4.3

Collimator Design at Tokai

The present system at Tokai uses a long narrow slit to
reduce the high gamma-ray activity from the hull basket to
measurable levels. A detailed analysis shows that the sensitivity for Pr-144 could be improved using a larger diameter collimator and thick lead filters to enhance the Pr-144 peak (2.18
MeV) relative to the pile-up background spectrum beneath it.
The collimator could be enlarged up to 30 mm without modification of the cell wall.
Some interference from the nearby peak
of Rh-106 (2.112 MeV) will still remain.

5.

ASSESSMENT OF RESULTS

The evaluation of the experience at Tokai and La Hague and
the review report prepared by the US satisfies the stated purpose of this task.

6.

CONCLUSIONS

The following conclusions were drawn at the workshop held
in France, 26 - 28 June 1979.
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(a)

A detection threshold of 0.1 - 0.2% of the initial fuel
charge is sufficient.
At this level a measurement accuracy of 20 - 50% is acceptable.

(b)

The gamma-ray signature from the Ce-144 (Pr-144) fission
products is a reliable indicator of the nuclear material
residue in the hulls.
This gamma ray can be measured
better with collimation systems which use thick, high-Z
filters rather than open, narrow-beam collimators.
This
signature can be used to measure fuels with cooling times
up to approximately six years.

(c)

For longer cooling times passive neutron assay systems are
preferable.

(d)

The active neutron assay is sensitive and gives
direct measurement of nuclear material content;
its complexity may limit industrial application.

(e)

Experiments must be designed and performed to compare the
fission product and nuclear material correlation by dissolving actual hull samples.

7.

RECOMMENDATIONS FOR FUTURE WORK

7.1

Japan

(a)

Further study is needed for the measurement problems described above, especially those involving the proper procedure for rotating and scanning the basket.

(b)

Experiments need to be performed to compare the nondestructive measurement results with direct destructive
measurements of the hull residue.

7.2

United States

(a)

The detectability of the 2186
further studied experimentally.

(b)

The sensitivity of passive neutron techniques can be
studied experimentally.
This should be especially useful
for fuel with long cooling times.
Experimentation is
underway in France and the United States.

(c)

A new Ge detector is installed at Tokai and has been
tested with the existing narrow-beam collimator.
It would
be useful to review and discuss results from these tests.
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keV

signature

the only
however,

should

be

(d)

The existing colllmation system should be modified to use
a wider collimator and thick filter to enhance high-energy
sensitivity.
Design consultation is available in France
and the United States.

(e)

Electronic pulse pile-up rejection should be added to the
existing counting system to further enhance high energy
sensitivity.

7.3

France

The work in this field on the design of hull monitoring
systems for future industrial plants is continuing.
The
research effort is directed towards the measurement of hulls in
large volume baskets.
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1.

INTRODUCTION

The current method of measuring the quantity of radioactive solution in vessels in a reprocessing plant employs a
volumetric technique, namely, the dip-tube manometer system.
If weighing the important accountability vessel in a reprocessing plant could be accomplished with an accuracy and
precision better than the volumetric method, the development of
this technique would represent a significant advantage in terms
of measurement of nuclear materials for accountability and control purposes.
To test this hypothesis, a set of load cells
were installed on each of three tanks at the PNC Tokai plant:
the input and product accountability tanks and on a plutonium
storage tank. These devices provide a direct mass measurement
that is redundant to liquid level measurement and is therefore
a check on the accountability measurements.

2.

PURPOSE OF TASK

The purpose of the task is to demonstrate the capability
of the straingauge load cell system for upgrading the precision
and reliability of the measurement of the quantity of liquid in
an accountability tank, and to study the possibilities of
making the system tamper-resistant.

3.

DESCRIPTION OF TECHNOLOGY, EQUIPMENT AND PROCEDURE

The load cells were installed on three tanks to demonstrate the capability in the nuclear fuel reprocessing plant at
Tokai.
The tanks are the input accountability tank (251V10),
the plutonium product accountability tank (266V23), and one
plutonium storage tank (267V10).
Each tank was supported on
four load cells specially built by Kyowa Electrics Company,
Japan.
The block diagram of the initial weighing system is shown
in Fig. 13.
In this system, the outputs of four load cells
were converted to an average output in the connection box and
sent to the conditioner installed in the panel section of the
con- trol room with extension cables. In the conditioner, each
average output for the three vessels was conditioned (span adjusted and adjusted zero) and a printed output was made.
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The block diagram of the system as modified in 1979 for
the tank is shown in Fig. 1A.
In the modified system, each
load cell output is connected to the conditioner with an
extension cable. The conditioner has two kinds of output, one
is the voltage output for a six-point strip chart recorder and
the other is the current output or a zero adjustment to correct
for tare weight. Each output can be read on the same digital
po- tentiometer by the selection switch.
According to the feasibility study carried out
1972, the expected accuracies were as follows:

by PNC in

(a)

The bias in weight measurement for 251V10 and 267V10
should be less than 0.1 to 0.15% of full scale reading.

(b)

The bias in weight measurement for 266V23 could be
made less than 0.2 to 0.3% of full scale reading, although the ratio of liquid to tank weight is low
(0.23) and the piping stiffness is high.

(c)

These predicted accuracies can be maintained with
accumulated gamma radiation exposures up
to one
billion Roentgens.

Unfortunately, the load cell system could not be installed
in the Tokai plant under ideal circumstances.
Therefore, an
attempt was made to improve the weighing accuracy by studying
the methods for correcting weighing, so that the accuracies
quoted above could be obtained under the less favourable conditions in the plant.

A.

TEST RESULTS AND EVALUATION

A.l

Weighing Accuracy by Correction

During 1977 through 1980, irradiated nuclear fuels were
processed.
The load cells were exposed to high radiation
levels and data were collected to measure the performance compared to bubbler probe readings.
The load cell system was modified during 1979 through 1980
so that on-line processing was possible.
One example of the
continuous data of 251V10 and 266V23 obtained by the modified
system is shown in Graph 1 and Graph 2, respectively.
Text continued

on page 70.
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FIG. 13.

Block diagram of the previous weighing

system.
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FIG. 14.

Block diagram of the modified

weighing

system.
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4.1.1

Initial Value Correction

In the case of a load cell weighing system, initial
values may vary with tare variation due to variation in piping
rigidity, drift of conditioner, etc. , in addition to initial
value variations of the load cell itself.
It is, therefore,
necessary to make an initial value correction to improve the
weighing accuracy.
For the initial value correction, the tank is presumed to be empty and the load cell weighing value is noted and
then corrected to zero just before feeding the liquid into the
vessel. When the required amount of liquid has been put into
the tank, the final weight value is recorded and the value
shown before zeroing is added to or subtracted from it.
In practice, it is impossible to discharge the liquid
completely.
Therefore, a correction value is obtained by comparing the load cell's weighing value with the manometer reading for liquid remaining after discharge.
W

I = W L - < W L0 - W M0>

Where Wj = Weight corrected
W L = Weight of liquid
W L 0 = Weight of liquid
discharge
WmO = Manometer reading
4.1.2

for initial value
as measured directly
remaining after
of remaining liquid

Thermal Correction

Many pipes connecting the vessels to other process
stages are rigidly attached. As the temperature of the liquid
changes, tare variations occur due to a thermal deformation of
the weighing vessels and its piping.
For this reason, the
following equation was used to make thermal value correction.
Wrp = W j X Crp

Where Wt = Weight corrected for liquid thermal values
W j = Weight corrected for initial values
C.j. = Coefficient of thermal correction
formula obtained by thermal expansion test
4.1.3

Expression of the Accuracy

The accuracy is expressed by the
the bias.
The repeatability (the standard
determined by the following equation.
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repeatability and
deviation; o) is

2 (X

- X) 2

a =

N - 1

where X^

X =
N

X^
Xp
N
X
The bias

=
=
=
=

Load cell weighing values
Manometer reading value
Number of weighings
Average value of X^

5 is determined by the following equation:

5= X - 1

The summary of the analysis by this above technique
is shown in Table III, Table IV and Table V, respectively.

4.2

Evaluation of the Tamper-Proof Structure

Though the use of a load cell for a weighing system has
the advantage of facilitating electronic data processing, it
has a disadvantage that intentional data manipulation (tampering) is possible.
Those who have a basic knowledge of load
cells and a knowledge of electronic circuits will be able to
manipulate data easily.
The following examples explain and illustrate tampering
modes which are possible, excluding that of destroying the system so that measurement becomes impossible.
(a)

One of a set of four load cells supporting
vessel might be heated or cooled.

the weighing

(b)

The electrical circuit of a load cell is basically a
Wheatstone bridge consisting of four strain-gauges.
The
resistor connected in parallel with one of the four
branches of the bridge might be altered from outside.

(c)

The power source for exciting the load cell could be manipulated so that the load cell would give an output voltage
which did not reflect the true load.
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TABLE III. ACCURACY OF THE INPUT ACCOUNTABILITY TANK (251 VIO)

No Correction
o

o

1977

1.4

0.1

1978

1.1

1979
1980

Initial Value Correction

Thermal Correction
0

a

a

a

0.6

0.3

0.3

1.1

1.2

0.8

0.3

1.1

1.0

0.5

0.5

0.5

2.6

0.4

0.9

TABLE IV. ACCURACY O F THE Pu PRODUCT ACCOUNTABILITY TANK
(266V23)

No Correction

Initial Value Correction

Thermal Correction

0

a

a

1977

3.6

2.6

1978

4.5

12.5

4.1

4.0

1980

1.2

7.7

1.2

5.5

a
^

a
^

a

^

1.4

10.3

TABLE V. ACCURACY OF THE Pu PRODUCT STORAGE TANK ( 2 6 7 V 1 0 )

No Correction
a*

CT**

a

a

1977

5.2

17.3

1978

1.1

13.9

0.8

6.7

1980

6.0

-13.0

1.9

-0.9

*

a
**

: Repeatability

a : Bias
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Initial Value Correction

Thermal Correction

CT

a

(d)

The load cell detects the load and converts it to a voltage which is generally at a very low level (2mV - 50mV).
A weighing system, on the other hand, requires conditioning (zero adjusting, span adjusting) to read the load
value directly, from the measured output voltage of such a
low level. Tampering is possible if this conditioning is
intentionally manipulated.
In the hardware, zero adjusting can be shifted or span adjusting can be altered.

(e)

There may be advanced weighing systems in which conditioning is not done in the hardware, but during data processing.
Tampering could be effected by changing the programme of data processing.

As mentioned above, tampering is possible in all stages of
a weighing system.
The preliminary tamper-proof structure used in the present
weighing system makes the conditioner section tamper-proof by
adopting a key-lockable construction. This makes it impossible
to manipulate the load cell exciting voltage and conditioning
(zero adjusting, span adjusting). But, sealing or securing the
connection box and the extension cable by means of a lock and
key should be studied as a means of improving the tamperresistance of the system.

5.

ASSESSEMENT OF RESULTS

5.1

Improvement of Weighing Accuracy

Effort has been devoted to studying the methods for correcting weighing measurement data in order to improve weighing
accuracy since 1980.
In 1980, the continuous collection of
data by the modified system was analysed. However, the correction methods for achieving the desired accuracy have not yet
been developed.
5.1.1

Initial Correction

The initial correction mainly relates to bias <5 .
Accuracy improvement through initial correction largely depends
on selection of the appropriate points for initial correction.
On the tank 266V23 and 267V10, this correction has
achieved improvements on weighing accuracy. On the other hand,
in respect of tank 251V10, this correction has not achieved any
significant improvement.
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This
is
presumably
because
weighing
measurement
errors do not have a fixed trend, and it takes several hours
for these errors to become stable.
5.1.2

Thermal Correction

There apparently exists a relationship between liquid
temperature and the errors in weight measuring values.
However, the correction when applied to readings from tank 251V10
has not achieved any effective improvement on weighing accuracy, and when applied to measurements made on tank 266V23 has
even produced inferior results.
It is presumed that these results can be attributed
to the different factors involved in the practical weighing
situation as compared with the experimental one for which the
correction formula was produced. For example, the factors are
cooling speed, temperature inclination, temperature history,
and so on.
5.2

Tamper-Proofing

No attempt at tampering can succeed if it is impossible to
gain access to the spot where tampering can be carried out.
For this reason, it is absolutely necessary to seal the whole
weighing system and keep it under close control.
To make a tampering-proof
necessary to adopt an on-line
following precautions:
(a)
(b)
(c)

6.

structure perfect, it is also
weighing system and take the

the data processing programme must have a sophisticated sealing method;
random sampling of data must be undertaken; and
random inspection of the weighing system must be
carried out.

CONCLUSIONS

The weighing system designers hoped to get measurements
with biases of less than 0.1 - 0.15% for 251V10 and 267V10 or
0.2 - 0.3% for 266V23.
This accuracy had been obtained in
other tank weighing installations in Japan and elsewhere and
would be a real advance in the state-of-the-art for nuclear
materials measurement. The system installed on the three tanks
of our plant did not provide the desired accuracy.
Errors
introduced by piping forces and lack of long-term stability of
the instruments are the most probable causes.
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Although the demonstrated results are not as accurate as
the bubbler probe measurements, the system as a back-up measurement does provide some redundant measurement information
that might be beneficial to the IAEA for increasing assurance
that the primary accountability measurements are correct within
load cell limits.
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1.

PURPOSE

The purpose of Task E is to
of an automated electromanometer
on-line processing of calibration
with input and plutonium product
Tokai plant.

2.

demonstrate the applicability
system, with a capability for
and measurement data, for use
accountability vessels at the

DESCRIPTION OF TECHNOLOGY, EQUIPMENT AND PROCEDURES

The automated electromanometer system is designed to provide precise, automated, on-line volume and density measurements (for accountability purposes) of input and product solutions in a reprocessing plant.
It consists of a pneumatic
scanner, a precision electromanometer, electronic scanner, a
digital voltmeter, and a desktop computer with disc and tape
mass storage, cathode-ray tube meter (CRT) graphics display,
and printer output. W
The desktop computer is used to control the pneumatic and electronic scanners and the digital
voltmeter and to log-in measurement data.
Figures 15 and 16
show the equipment as installed in the PNC reprocessing plant.
The components of the system are given in Figure 17.
The system provides unattended, semi-continuous (serial)
measurement of the liquid level, temperature, and load cell
weight and it can store more than 24 hours of data on a flexible mass data storage disc.
Stored data may be retrieved,
examined on the CRT display, and run through a data reduction
and summary programme which rapidly condenses one day's operating data, including all accountability transfers, to a several-page summary report.
The results thus obtained yield
greater measurement accuracy than heretofore achieved, provide
necessary plant operator and inspector data, and are presented
in a convenient form.
The tank measurements in the Tokai reprocessing plant are
the tank temperature, vapour head pressure relative to the
process cell, liquid level pressures*, and five strain-gauge
voltages. Other pressure measurements made each data cycle are
at the electromanometer "zero" and the pneumatic scanner "home"
positions. The latter provides a leak check on the scanivalve
liquid switch wafer.

Two and three dip-tube measurements are made, respectively,
for vessels 266V23 and 251V10.
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7WM%

FIG. 15.

PNC control room arrangement

showing the HP-9845S desktop

computer.

For each cycle, the latest calculated values for the density, volume, computed mass, and load cell mass are displayed
on the CRT along with the measurement data. On-line, hard copy
is available in the control room at any time via function key
request. In addition, visual displays of liquid level data for
the system operation are available.

3.

DESCRIPTION OF INSTALLATION, CALIBRATION AND TESTING

Demonstrations and acceptance testing of the automated
electromanometer system were conducted at the Barnwell Nuclear
Fuels Plant, Barnwell, South Carolina, in March 1979, for
Japanese, IAEA and French visitors.
The system was installed
in the Tokai reprocessing plant in August.
Pre-operational
tests and tank calibration involving vessel 251V10 were performed in September 1979.
Hardware and software upgrading of
the electromanometer system to include measurements in the
plutonium product vessel, 266V23 were made in August 1980.
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FIG.16.

Front view of the instrument

rack in the PNC transmitter

room.

Operational tests of the electromanometer were
during the preguarantee (PG) campaign of November and
1979, during the guarantee (G) campaign of January and
1980, and during campagins C-l and C-2, April through
1980.

performed
December
February
November

The following three pre-operational tests were successfully
performed during the system check-out.
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FIG.17.

Block diagram of the electromanometer

instruments.

3.1 Pre-Calibration Test
This test involved the stepwise filling of the tank 251V10,
observing the full tank at steady state conditions, and the
stepwise draining of the tank to the jet transfer heel while
collecting measurement data at a raté of one cycle in approximately 2.3 minutes.
The increment steps were at quartile
levels and the sparger was turned on at each filling and emptying step.
Measurement data were collected for 30 minutes
prior to and after sparging.
At the full tank step and after
the sparging data were collected, the recirculating sampler was
turned on for 20 minutes.
This step was repeated prior to
start of the emptying phase.
A similar test was conducted
after the connections to vessel 266V23 were made in August 1980.
The pre-operational test was used to obtain experimental
data regarding the sparger system hold-up, the evaporation due
to sparging, sampler line hold-up, and line drain times.
The
information was required to establish the response characteristics of the measurement system.
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TABLE VI. PNC THERMAL EXPANSION TEST EXPERIMENTAL DATA,
TANK 251 VIO

Item

Heated Tank

Reference

Difference

54.3

25

29.3

-18.0
18.3

Temperature (°C)
Pressure Readings (P)*
Major Probe
Minor Probe

6569.6
2563.7

6587.6
2544.9

Major Probe Data
Liquid Level (mm)
Volume (liters)

708.79
2231.66

703.20
2203.69

5.58
22.97

Summary of Effects:
% Level Change

+ 0.79

% Volume Change

+ 1.04

% Volume Change per °C

+ 0.03549

A Pascal (P) = 1 newton/metre2 = 0.101974 mm H 2 0 at 4°C

3.2 Thermal Expansion Test
This test involved the filling of tank 251V10 to the normal
input batch level and steam heating the water to 55°G using
the spray decontamination line.
The temperature and bubbler
probe data were collected at a rate of one cycle in 2.3 minutes
during the tank cool down to 25°C.
The thermal expansion test was used to establish a temperature correction equation for each of the bubbler probes.
An
earlier test using heated UNH at the Barnwell Nuclear Fuels
Plant indicated that the effect of temperature is a function of
the thermal expansion of the separation of the probe and of the
tank, the volume below the effective tip of the probe, the
total volume, and tank geometry.
The results of these two
tests which represent important new findings lead to a better
understanding of temperature effects on liquid level measurements.^!
The results of the 251V10 thermal expansion test,
summarized in Table VI, indicate that a temperature change of
three degrees centigrade has an effect of about 0.1% at a
volume of about 2000 liters.
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TABLE VII. SUMMARY OF CALIBRATION RESULTS

Calibration

Measurement Errors

One Standard
Deviation

Absolute

%

Ruska DVM System Accuracy*
1.0 Pa

0.003
Full Scale

Probe Separation

0.03 mm H 2 0

0.0007

Combined Runs
(includes random procedural
errors)

1.2 ltr

0.03

Liquid Level

0.10 mm H 2 0

0.017

Density
- water
- UNH

0.0002 g/cnu
0.0002 g/cm

0.020
0.014

Direct Reading

Vessel Calibration (251V10)

Measurement Cycle Precision**

5 psi (34474 Pascal) at 10 Volts DC
0.1 mm H,0 at 4°C is approximately 1 Pa (N/m2)

3.3 Tank Calibration
Check-out and testing of the calibration software were made
using vessel 251V10 in September 1979. Three calibration runs
were made. The calibration programme collects data, makes the
temperature-density calculations and performs data comparisons
during the run.
Statistical analyses were performed on the
three sets of data using the calibration playback and polynomial regression programmes after the calibration runs were
completed.
The results of the 1979 calibration are summarized in Table
VII. The Ruska-DVM system accuracy is based on electrical and
pneumatic "Deadweight" piston gauge calibrations and represents
the overall error for the system.
The vessel calibration
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results represent the random procedural measurement, and curve
fitting errors. The vessel calibration results do not include
any bias that may be due to inappropriate computational coefficients and to procedural errors that are constant throughout
the exercise and therefore not estimatable without an external
reference point.
Computer averaging, over approximately 15 seconds, of the
Ruska readings of the fluctuating pressures that are measured
on the bubbler probes results in very stable liquid level and
density measurement data and is a significant improvement over
the data based on visual reading of the water manometer.

4.

TEST RESULTS AND EVALUATION

During the period November 1979 through November 1980,
routine measurements of the solution volumes in the input
accountability tank, 251V10, were made using the automated
electromanometer system.
Connections of the pneumatic lines
and thermocouple cable were made to the plutonium product tank,
vessel 266V23, in August 1980 at which time the computer programmes were correspondingly modified.
The automated electromanometer improves the capability for
recording the measurement data.
The capability of the system
to collect data as they were generated, on a quasi-continuous
basis, proved to be particularly useful on those occasions when
the accountability sampling and transfer-out operations overlapped and therefore the quiescent conditions for accountability measurements were not present. When this occurred, transfer
values based on earlier recorded data during a steady state
period were far superior to those based on the PNC control room
strip chart data.
The value of the data processing and summary reporting
capabilities provided by the playback programme, on a daily
basis, was demonstrated.
Numerical values at any chosen point
in time were quickly retrieved and hard copies of the graphs
and measurement data were provided.
In addition, the playback
programme significantly improved and simplified the analysis of
load cell data.
The time saving of the playback programme to
the PNC was significant.
Data routinely collected, analysed, and
mary reports included:
(a)
(b)
(c)
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presented

volume measurements
load cell versus electromanometer comparisons
hourly bubble pattern data.

in

sum-

TABLE VIII. COMPARISON O F T R A N S F E R QUANTITIES

Watermanometer/
Electromanometer
Difference

Campaign

Uranium

Net
Difference

Vessel

251V10

Pre-guarantee
Before Transfer
After

Out

-17.1
- 1.4

-15.7
(.33%)

Out

- 3.7
-• 1.4

- 2.3
(- 0.04%)

Out

162.8
15.5

147.3*
(0.54%)

Out

109.2
6.0

103.2*
(0.78%)

Guarantee
Before Transfer
After
C-1
Before Transfer
After
C-2
Before Transfer
After

Plutonium

Vessel

266V23

C-2
Before Transfer
After

Out

-147
59

M e a s u r e d v a l u e s a r e based on different e q u a t i o n s and
correction techniques

-206*
(0.24%)

temperature

Examples of such summary reports are attached in the Appendix to this report.
Comparisons of the uranium input quantities to the process
as measured by the water manometer and electromanometer for
four campaigns are summarized in Table VIII.
A trend is observed in' the differences between the quantities over the thirteen month period.
In the first two campaigns, the electromanometer quantities are larger than those based on the water
manometer. However, the differences in the second campaign are
negligible. In the C-1 and C-2 campaigns, the electromanometer
values are smaller and the inputs differ by 0.54 and 0.78 per
cent.
This may be caused in part by different approaches to
calculating temperature corrections for the two systems star-
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TABLE IX. ANALYSIS OF DENSITY MEANS (ANOVA)

Campaign/
Vessel
(a)

Number of
Batches
(b)

C-l
251V10

76

C-2
251V10

42

266V23

12

Value
(c)

X

s

X

s

X

s

Lab
Density
(d)

Wat er
Man.
(e)

Cale
Density
(f)

Electromanometer
Meas 1
Meas 2
(h)
(g)

F-Value
(1)

F(.99)
(j)

1.3496
.0329

1.3495
.0290

1.3516
.0327

1.3558
.0293

1.3558
.0291

27.95*

13.7

1.3351
.0156

1.3403
.0145

1.3391
.0153

1.3401
.0151

1.3485
.0161

44.66*

13.7

1.5047
.0466

1.5043
.0465

1.5003
.0433

1.4975
.0449

21.92

27.1

F test for equality of homoscedastic means was rejected at the a - .01 level for vessel 251V10
for both campaigns.

ting with the C-1 campaign.
A close examination of changes
made in the computational constants of the two systems might
uncover the cause of the bias trends.
The difference of 206 grams of plutonium measured in vessel
266V23 for the C-2 campaign is the result of larger batch
transfers using the electromanometer based on larger product
solution quantities and smaller heel (after transfer-out) measurements than those obtained using the water manometer.
The
agreement in the plutonium product quantities is considered
good in view of the incomplete information on tank characteristics available when the measurement
calculations
for the
electromanometer system were programmed.
Comparisons analysis of the density values for the C-1 and
C-2 campaigns between the different density values are given in
Table IX.
Density measurements made by the laboratory, water
manometer and electromanometer (Meas 1) are independent, the
calculated density and Meas 2 are, respectively, functionally
correlated with the laboratory and Meas 1 measurements.
In
general, looking at the individual density measurements for a
batch, it appeared that there was good agreement between the
density values, given the different reference temperatures,
although some exceptions were noted.
The calculated (Cale) density is the laboratory density
corrected to the temperature of the solution in the vessel.
The equation is an empirical formula developed at the Barnwell
Nuclear Fuels Plant in 1978 and involves values of the acid
molarity and uranium concentration.
The formula also includes
the laboratory density which is assumed to be measured at
25°C.
The PNC
laboratory
density
is measured
at
31°C.
However, the laboratory density and the calculated density are
in very close agreement at 28°C, which suggests that there is
a 3°C bias in the equation or in the way it is being used at
the computer programme or in the tank temperature measurements.
The calculated density values at < 2 8 ° C and
>28°C
have approximately the expected magnitudes and the correct
direction relative to the laboratory density.
The electromanometer densities Meas 1 and Meas 2 for vessel
251V10 are determinations made on two lower probes relative to
the same upper probe.
Meas 1 is made using the shaped and
special cut tip density probes installed in vessel 251V10.
The
initial inspection of the data suggested that this design feature yielded more stable results than an ordinary blunt cut tip
used in Meas 2. The conjecture is not supported by statistical
analysis.
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Table IX summarizes the results of the analysis of variance
on the density measurements.
In the C-l campaign, the differences between the averages of the laboratory density and those
of the water manometer and electromanometer (Meas 1) are, respectively, .0001 and -.0062 (columns (d) minus (e) and (d)
minus (g)). But when the laboratory density, which is measured
and reported relative to 31°C, is corrected to the vessel
temperature shown as (Cale) in the table, the average differences are .0021 and -.0042 (columns (f) minus (e) and (f)
minus (g)). Results for the same calculations for campaign C-2
are .0052 and -.0050 for uncorrected laboratory density and
-.0012 and -.0010 when the laboratory density is corrected to
the vessel temperature.
In vessel 266V23 the raw differences
are .0004 and .0078, and the values based on the temperature
corrected laboratory density are -.0035 and .0033.
Thus, in
campaign C-2, for both vessels 255V10 and 266V23, the average
density values based on the electromanometer are in better
agreement with the temperature corrected laboratory densities
than those of the water manometer.
The hypothesis of equal
means for the five measurements made on each batch was rejected
for both the C-l and C-2 campaign for vessel 251V10.
To discover which combination of means are significantly
different, a paired sample analysis was performed.
The values
of interest in Table X are those in the major diagonal. These
averages of differences of individual batch densities can be
compared to the average of differences shown in Table IX discussed above. In part I, the average of the paired differences
between the temperature corrected laboratory density (CD) and
the water manometer (WM) is -.0021. The difference between CD
and the electromanometer (EM-1) is -.0029.
For part II, CD
minus WM is -.0012 and CD minus EM-1 is -.0010. In part III,
CD minus WM and CD minus EM-1 are, respectively, .0034 and
.0033. Thus, the conclusion of significant differences inferred in Table IX is not supported by the paired analysis shown
in Table X. The fact that differences among the average of the
summed densities are significant while the average of the
paired difference is not, supports the notion that a bias
exists.
This is readily apparent when the individual values
are examined.
The results of the multiple comparison test of
significance on the differences of the mass are given in Table
X. The significant paired mean differences are indicated with
an asterisk.
An examination of the top rows of parts I and II of Table X
shows that the water manometer value has shifted relative to
the laboratory measurements.
This is also the case for the
calculated (Cale) density, a rather surprising result since
none of the computational constants had changed.
An analysis
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TABLE X. PAIRED SAMPLE ANALYSIS OF DENSITY DATA
(MULTIPLE COMPARISONS)

Measured
by

WM

CD

EM

Part I

Lab

.0001

-.0020

-.0049*

M = 152

C-l

WM

-.0021

-.0050*

S2= 2.21746E-5

251V10

CD

-.0029*

q.99(5,300) = 4.60

EM-1
Part II

Lab

C-2

WM

251V10

CD

Q = .0025
-.0052*

-.0042*

-.0050*

-.0012

.0003

S2= 2.21405E-5

.0010

q.99(5,164) = 4.71

EM-1
Part III

Lab

C-2

WM

266V23

Q=q.99(k,df)S Vä/m

M = 152

Q = .0034
.0004

.0033

.0072

.0034

.0067
.0033

. CD

Denotes differences of means that are rejected at the or = . 01 level.

of the paired sample residuals shows that the differences are
temperature related and that the temperatures were lower for
the C-l campaign than for the C-2 campaign in vessel 251V10.
Table X shows that the relationship between Meas 1 and Meas 2
also changed from one campaign to the next.
It is recognized that until the development of the automated electromanometer system, detailed analyses such as the
above were not possible for lack of precise data and computer
programmes. Further validation of the computational constants
and refinement of the data normalization techniques are suggested including a study of the validity and/or accuracy of intank temperature measurements atjextreme ambients.
(

Because of the small data sample for vessel 266V23, the
sensitivity of the tests were limited and no conclusion on
biases or trends on the density is possible at this time.
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TABLE XI. SUMMARY OF DENSITY MEASUREMENT METHODS

Density
(Average D = 1.365)

Method

Other
Measured Components

Method Error
Absolute

(2 st. D)
1

Laboratory Density
at 31 C

Precise weighing
of precisely known
sample volume

Sample temperature

0.001 g/cm 3

0.07

Water Manometer
at 31°C

Direct read

Manometer temperature
Vessel temperature (t)
Probe separation

0.007 g/cm 3

0.5

Task E, calculated
at 31°C

BNFP formula*

Laboratory density
Laboratory temperature
Acid molarity
Uranium concentration
Vessel temperature (t)

0.005 g/cm 3

0.37

Measured Density 1
at t°C

Liquid level 1
Liquid level 2

Vessel temperature (t)
Probe separation

0.0004 g/cm

Measured Density 2
at t°C

Liquid level 1
Liquid level 2

Vessel temperature (t)
Probe separation

0.001 g/cm

3
0.03

3

Assumes a laboratory density at 25°C,

0.07

A summary of the density measurement method with their
errors is given in Table XI. With a few exceptions, the differences between the various density measurements are within
the limits of error of the methods.

5.

ASSESSMENT OF RESULTS IN TERMS OF MEETING PURPOSE

The objective of Task E was to demonstrate the applicability of the electromanometer technique to volumetric measurements
in the input and plutonium product accountability vessels in
the Tokai reprocessing plant. There are inherent uncertainties
in the present-day technique that involves water-filled manometers which are read by eye and data that are recorded by
hand.
Accordingly, the development of instrumentation that
provides digital readings and computerized recording and processing of the measurement data represents a significant breakthrough in terms of improved measurements and documented control of nuclear materials for accountability purposes.
The advantages of the automated electromanometer system are:
(a)
(b)
(c)
(d)
(e)

Digital data read-out of the dip-tube pressure measurements
Overall measurement error on the order of 0.1% in the
liquid density and volume
On-line computerized acquisition, processing, storage,
and analysis of the measurement data
Visual (CRT) displays of current measurement values
and time-response status plots.
Prompt and accurate hard-copy summary reports of the
input and plutonium product volumes.

Transfer of technology to PNC was achieved with respect to
the operation and maintenance of the Task E instruments and
with respect to the measurement and playback programmes.
The
transfer of methodology with respect to the use of the electromanometer during the annual vessel calibration is incomplete.
Additional guidance, in-plant experience, and documentation of
the calibration procedures and data analysis are required.
Hardware and software were modified to pick up the load cell
signals and the analysis of the load cell data is now a routine
operation.
An operator handbook and a user's guide to Task E programmes, which document the software programmes and some hardware operations, have been prepared.
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6.

CONCLUSIONS

Determination of the volume in the input accountability and
plutonium product accountability vessels can be made with
greater ease and accuracy using the automated electromanometer
system than by using water-filled manometers.
It was demonstrated in Task E that the PNC control room
operators were capable of running the electromanometer after
about one week of hands-on instruction.
7.

RECOMMENDATIONS FOR FUTURE WORK
It is recommended that:

(a) PNC, in collaboration with BNL, continue to conduct comparison studies on the temperature, density, and volume
data to assure that the measurements are free of computational bias;
(b) A coordinated analy sis of the calibration data be performed
to improve the calibration procedures with regard to the
use of gravimetric provers, nitric acid calibration liquid,
and the statistical techniques used to analyse these data.
Additional exchanges of information may be required to
resolve questions on the use of calculational coefficients
that are used in the measurement and calibration programme;
(c) A study be conducted to develop procedures for Agency implementation of the electromanometer system to safeguards
measurements.
An agreement between PNC and the IAEA for
inspector access to the data is a pre-requisite.
The
access agreement should permit the inspector to routinely
obtain hard copy print-outs of the electromanometer measurement data at the time water manometer measurements are
made ;
(d) The feasibility of using the bubble wave pattern for verification of safeguards measurements be studied.
The relationship between the components of the air supply system
and the bubble patterns, and of methods of statistically
characterizing the information band of the bubble pattern
would be examined. Testing and evaluation of the developed
technique is suggested during pre-campaign nitric acid feed
to the process;
(e) The transfer to PNC of the methodology of the use of the
electromanometer during the annual vessel recalibration
receives additional effort for its completion; and
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(f) An accountability report programme be developed to calculate daily mass balance quantities.
In-process balances
would be based on input and product solution volumes and on
the concentrations of uranium and plutonium in process
samples, initially, and accountability sample analyses when
they become available.
The computational factors for each
input and product batch would be stored on a tape cartridge
or disc which would be updated daily and used to generate a
daily summary report showing batch and cumulative amounts
for the input, product, and, by difference, in-plant inventory.

8.
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Data Collected at the
Power Reactor and Nuclear Fuel Development Corporation
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Task F
Study of the application of the
basic concepts of near-real-time
materials accountancy to safeguarding
spent fuel reprocessing plants

Rapporteur:

K. Ikawa
Japan Atomic Energy Research Institute

Contributors:

PNC
K. Matsumoto
LASL
R.H. Augustson
L.L. Lowry
IAEA
J.E. Lovett

1.

PURPOSE

The purpose of Task F is to investigate the feasibility of
applying the basic concepts of dynamic or near-real-time materials accountancy to small and medium-sized spent fuel reprocessing facilities, using the facility at Tokai as a model.
Presently a physical inventory is taken a few times a year.
However, the dynamic concept offers the possibility of performing more timely material balances.

2.

DESCRIPTION OF TECHNIQUES, EQUIPMENT AND PROCEDURES

The
areas :

feasibility

has

been

investigated

in

the

four major

(a)

development
of
an
effective
near-real-time
materials
accountancy system which can be back-fitted at an acceptable cost to existing reprocessing facilities;

(b)

evaluation of selected capabilities needed for such a system, using evaluation parameters including measurement
instrument selection, and inventory estimation techniques;

(c)

evaluat ion of the capability and effectiveness of the proposed materials accountancy system using a computer simulation model; and

(d)

study of approaches to IAEA independent verification of
near-real-time material balance data on the part of international safeguards inspectors.

This study has been carried out as a joint effort involving a number of persons of the IAEA, LASL, PNC and JAERI, and
all of them have contributed to a part of or all of these
areas.
But specifically, the area (a) has been covered mainly
by the staffs of IAEA, PNC and JAERI, the area (b) by LASL, the
area (c) by JAERI and PNC, and the area (d) by IAEA and LASL.
2.1

Definition and Description of the Basic NRT Accountancy
Model

The concept of near-real-time materials accountancy has
undergone extensive evolution during the period of this study.
Early definitions spoke of an extensive use of in-line nondestructive instrumentation, and assumed that material balances
would be prepared both for short time periods and for small
portions of the total process area.
As the study has progressed, however, it has become apparent that weekly material
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balances covering the entire process MBA provide sufficient
information to satisfy IAEA guidelines for small and mediumsized facilities, and that indeed even for larger facilities
the potential gain from more frequent material balances needs
to be examined carefully in relation to the extra effort required for their preparation.
The study of near-real-time materials accountancy for the
PNC Tokai facility is based on the following:
(a)

weekly "in-process" physical inventories would be taken of
plutonium in the process MBA;

(b)

measurement of both flow and inventory quantities would be
either by conventional chemical methods or by instrumental
(NDA) methods, as may be convenient in specific situations;

(c)

all measurements would be completed, and the resulting MUF
would be determined and evaluated, within a period of
about two or three days after the in-process inventory;
and

(d)

evaluation of MUF data would be based on statistical techniques which recognize, and derive the maximum information
from, sequences of short term material balances.

2.2

In-Process Physical Inventories

A schematic diagram of process accountability for the PNC
Tokai facility is shown in Fig. 18. As shown in that diagram,
some 13 transfer measurement points have been identified for
conventional materials accountancy purposes. For the purposes
of near-real-time materials accountancy, additional six inventory measurement points have been defined. (Inventory points 5
and 6 relate to uranium rather than plutonium, and in practice
were not used.) These inventory measurement points all relate
to buffer storage tanks feeding the first, second, and third
extraction cycles and the plutonium product evaporator.
No means was identified for inventorying plutonium in the
product evaporator, so the specification was adopted that inprocess physical inventories would always be taken when the
evaporator was empty, and prior to restarting evaporation of
the next batch.
The model design flow sheet calls for discharging the evaporator once every 24 hours, so this specification is only a minor constraint on the timing of the in-process
physical inventories.

99

o
o

Ot ~ D6 » Measurement Points for Dynamic Physical Inventory Taking
Material Balance Area 2 is defined an a Unit Process Accounting Area in the Semi-dynamic Material Accounting and Control system, i.e., "ten day detection time modei".

Buffer Vessel

....

Dynamic Accountability Point

Main Accountability Point
Other Accountability Point

FIG. 2 8.

Schematic

diagram of process accoun tability in eluding dynam ic accoun ting.

If the plutonium product evaporator is empty, the model
design flow sheet estimate of the total plutonium inventory in
the process MBA is about 16.8 kg, with 12.9 kg of that amount
being in the four identified buffer storage tanks.
Essentially
all of the remainder (3.8 kg), was estimated to be in the solvent extraction system. Section 4.2 discusses the question of
estimating the plutonium inventory in the solvent extraction
system.
Except for the work reported there, the task F study
has assumed that the solvent extraction system inventory would
be relatively constant, and could be so treated.

2.3

Measurement Methods

Since in-process inventories are to be taken at weekly
intervals, and since the IAEA guideline for detection of possible abrupt diversions calls for detection within one to three
weeks, the specifications for measurement methods neither require nor forbid the use of instrumental or NDA methods.
Since
each of the four buffer storage tanks normally are sampled
daily for process control purposes anyway, it was convenient in
this study to assume that conventional measurement methods
would be used.
As part of its contribution to the task F study, investigators at the Los Alamos National Scientific Laboratory examined possible alternative NDA measurement methods;
those used
or considered for possible use, are listed in Table XII.

2.4

Statistical Evaluation Procedures

Statistical evaluation procedures used in the study were
essentially those developed at the Los Alamos National Scientific Laboratory.
The complete computer package includes four
statistical tests, a straightforward cumulative sum (CUSUM)
test, a uniform diversion test based on the Kaiman filter statistic, a variance test, and a two-directional test based on
two Kaiman filter models operating in opposite directions.
The
purposes of these tests are as follows:
(a)

CUSUM - this statistic provides a relatively powerful test
which is in general not dependent on an assumed diversion
pattern;

(b)

Uniform Diversion - as the name implies, this test is more
sensitive when the divertor follows the nominally optimum
strategy of diverting a, uniformly small quantity during
each material balance period;
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TABLE XII. MEASUREMENT METHODS FOR KMPS ASSOCIATED WITH "TEN DAY DETECTION TIME" MODEL
KMP

Process step

Method

No. of
analyses per week

Time for analysis

Q-l

Input accountability tank

Isotope dilution
mass spectroscopy
(I.D.M.S.)

14

8 - 1 2 hrs

D-l

Feed tank for 1st
extraction cycle

I.D.M.S.

1

4 hrs

D-2

Feed tank for 2nd
extraction cycle

Titration

4 hrs
1
1 - 2 hrs

X-ray fluorescence
D-3

Feed tank for Pu-3rd
extraction cycle

Titration

Pu evaporator feed vessel

1%

8 - 2 4 hrs
1

X-ray fluorescence
D-4

Estimated accuracy*

1 - 2 hrs

Titration

0.5-1.0%

8 hrs
1
1 - 2 hrs

X-ray fluorescence or
L-edge densitometry
Q-9

Pu solution product

0.5-1.0%

8 - 1 2 hrs

I.D.M.S.
7
K-edge densitometry

* does not include error in volume measurement.

1 hr

0.5-1.0%

(c)

Variance Test - if a would-be divertor attempts to defeat
the statistical tests by diverting in a random manner, the
observed variance of the MUF data will be significantly
larger than the variance derived from the component measurement uncertainties.
The variance test is designed to
give increased detection sensitivity against randomized
diversions by detecting this increased variance in the
data; and

(d)

Two-Directional Test - this test recognizes that a revised
estimate of the inventory at any earlier point in time can
be derived from a consideration of subsequent flow and
inventory data.
In borderline situations it is expected
that a two-directional test would be more sensitive to
possible abrupt diversions.

Although early feasibility studies using simulated data
considered all four of these tests, most work has been with
only the first two.
It seems likely that in actual practice
primary reliance will be on the CUSUM and uniform diversion
tests, and that the other tests will be used only to provide
supplementary evidence, or to suggest the need for further investigation of possible borderline situations.
2.5

Modelling and Simulation Work

JAERI has developed and applied a basic computer simulation model for the PNC Tokai plant.
A number of simulation
runs have been performed using this model, covering a wide
range of fuel types (burn-up levels) operating conditions, and
assumed diversion strategies.
The simulations also included
two levels of assumed measurement uncertainties, one based on
current operating practices, and one based on assumed improvements which might be possible in the future.
Table XIII summarizes the basic simulation runs and the
results obtained. In general, when the assumed level of diversion was one standard deviation of the weekly material balance
(or greater), protracted diversion was detected before the
total diverted reached the 8 kg goal. Abrupt diversion of 8 kg
of Pu was detected in all cases.
When the assumed level of
diversion was the minimum necessary to accumulate 8 kg Pu in
one year, and the assumed mode of operation called for frequent
system "rinse-outs" followed by changes in fuel types or burnup levels, some difficulties were encountered.
It is believed
that these difficulties relate primarily to the unmeasured portion of the inventory, which was allowed to appear as MUF
during the first material balance period after each rinse-out.
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TABLE XIII. SUMMARY OF BASIC SIMULATION STUDIES
Diversion

Simulation

Total

Diversion rate

T o t a l diversion

mode

study

feed

in a DMBP

in a TMBP

(kg)

(kg)

(kg)

D y n a m i c a l material a c c o u n t i n g
MUFd

öMUFd

(kg/DMBP)

(kg/DMBP)

Traditional material accounting

LEMUF
= 2ÖMUFd
(kg/DMBP)

MUF
(kg/TMBP)

oMUF
(kg/TMBP)

LEMUF
= 2<jMUF
(kg/TMBP)

S.S. 1-1

414

0.0

0.0

0.033

0.221

0.442

0.727

3.538

1-2

532

0.0

0.0

0.056

0.282

0.564

1.230

4.544

9.088

1-3

624

0.0

0.0

0.065

0.337

0.674

1.360

5.322

10.644

7.076

1-4

492

0.0

0.0

0.064

0.255

0.510

1.403

4.198

8.396

1-5

760

0.0

0.0

0.083

0.400

0.800

1.818

6.478

12.956

1-6

894

0.0

0.0

0.120

0.488

0.976

2.644

7.621

15.242

1-7

711

0.0

0.0

0.078

0.384

0.768

1.718

6.076

12.152

1-8

614

0.0

0.0

0.102

0.349

0.698

2.246

5.263

10.526

1-9

444

0.0

0.0

0.104

0.368

0.736

1.557

3.852

7.704

1-10

395

0.0

0.0

0.082

0.346

0.692

1.230

3.447

6.894

S.S.4

577

0.0

0.0

0.041

0.350

0.700

0.852

4.957

9.914

S.S. 1-1

414

0.226

4.742

0.278

0.217

0.434

6.106

3.519

7.038

1-2

532

0.292

6.133

Ö.348

0.275

0.550

7.656

4.517

9.034

1-3

624

0.343

7.205

0.421

0.332

0.664

8.846

5.296

10.592

Uniform

1-4

492

0.268

5.637

0.300

0.254

0.508

6.599

4.180

8.360

diversion of

1-5-1

760

0.418

8.780

0.467

0.402

0.804

10.284

6.452

12.904

1-5-2

1520

0.107

4.374

0.284

0.415

0.830

11.935

12.753

25.506

894

0.492

10.332

0.565

0.481

0.962

12.435

7.595

15.190

N o diversion

~l<jMUFd/DMBP

1-6

Uniform

1-7

711

0.391

8.217

0.480

0.387

0.774

10.556

6.050

12.100

diversion of
~15"MUFd/DMBP

1-8

614

0.355

7.096

0.361

0.352

0.704

7.933

5.247

10.494

1-9

444

.0.614

7.978

0.621

0.361

0.722

9.322

3.818

7.636

1-10

395

0.560

7.274

0.548

0.349

0.698

8.220

3.424

6.848

577

0.405

8.119

0.426

0.347

0.694

8.941

4.931

9.862

760

(continued)

S.S.4

0.191

4.004

0.239

0.403

0.806

5.254

6.471

12.942

1-7

711

0.191

4.012

0.292

0.388

0.776

6.425

6.062

12.124

1-8

614

0.200

4.001

0.236

0.351

0.702

5.196

5.254

10.508

1-9

444

0.205

2.672

0.281

0.376

0.752

4.220

3.850

7.700

1-10

395

0.206

2.675

0.283

0.348

0.696

4.251

3.440

6.880

577

0.203

4.062

0.238

0.353

0.706

5.000

4.952

9.904

S.S.1-5-1
Uniform
diversion of
8 kg/year

.S.S.4

DMBP: D y n a m i c Material Balance Period = 7 days
TMBP: Traditional Material Balance Period =
6 m o n t h s f o r S.S.1-1, S.S.1-8 and S.S.4
4 m o n t h s f o r S.S. 1-9, S.S. 1-10
10 m o n t h s f o r S.S. 1-5-2
MUFd:

Average M U F d

ô M U F d : Average o M U F d

3.

DESCRIPTION OF DEMONSTRATION AND TEST

Preliminary field test data was collected by PNC during
two reprocessing campaigns in 1980:
these campaigns, identified as the C-1 and C-2 campaigns, involved the recovery of 50
tonnes of spent fuel from a variety of both BWR and PWR reactors.
A total of fifteen short term material balances were
prepared, based on thirteen in-process inventories plus cleanout physical inventories at the start of the C-1 campaign, between the two campaigns and at the end of the C-2 campaign.
No unforeseen problems arose during the collection of the
field test data. The data needed for an in-process inventory,
exclusive of the time required to analyse samples, is less than
half an hour. A product rework tank, not included in the original feasibility study, may sometimes contain a significant
quantity of plutonium, but its measurement using the same procedures as for the four buffer storage tanks creates no additional difficulty.
It was necessary to be more flexible than had been anticipated in the timing of the in-process physical inventories,
because the product evaporator was not emptied on the anticipated 24 hour schedule.
This led to material balance periods
varying between six and nine days, or occasionally longer when
the plant was in a rinse-out mode, but caused no other difficulties. As the plant moves closer to operation at its design
capacity it is anticipated that this required flexibility will
not affect operation of a near-real-time materials accountancy
system.
During the early portion of the field test it was not
always possible to complete data collection and evaluation
within the specified schedule of two or three days after the
in-process inventory.
However, those problems were gradually
resolved, and field test data was made available in a timely
manner.

4.

TEST RESULTS AND EVALUATION

4.1

Evaluation of Preliminary Field Test Data

A CUSUM plot of the resulting MUF data is shown in Fig. 19
and the associated alarm sequence chart is shown in Fig. 20.
(An estimated amount of Pu has been added to each of the inprocess inventories, as an estimate of the unmeasured portion
of the inventory.
The accuracy of this estimate affects only
the MUF during the first material balance period, and is of no
consequence in the discussion that follows.)
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of the inventory in the mixer-settler systems and adjusted t o include an estimated unmeasured
inventory other than that in the mixer-settler systems.

FIG.19.

CUSUM plots for C-l and C-2

campaigns.

A solid line indicates dynamic MUF data calculated under
the assumption that the inventory hold-up in the mixer-settler
systems had been kept constant. In the aictual plant operation,
it changed from time to time.
In order to take these variations into consideration, inventories in all stages of the
mixer-settler systems were estimated by SEPHIS code using
actual operating data, and used to correct the original dynamic
MUF data.
These data are indicated for C-l campaign by the
dotted line in Fig. 19.
Fig. 19 clearly shows that there is a measurement bias
across the PNC Tokai plant process MBA, resulting in an apparent net gain of plutonium.
The nature of this bias is not
clearly shown in conventional materials accountancy data, and
Fig. 19 gives a dramatic picture of the power of the near-realtime accountancy concept.

107

Alarm classification for the Alarm-Sequence Chart
Classification
(Plotting Symbol)
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Alarm sequence chart for C-1 and C-2

campaigns.

An analysis of input minus output for the process MBA was
performed for the C-1 campaign.
(Such an analysis is simply a
calculation of the apparent plutonium inventory in the process
MBA based on the difference between measured inputs and measured outputs.)
This analysis, although it suggested qualitatively an ability to detect any diversion larger than about 1
kg Pu per week, did not reveal the measurement bias and resultant apparent gain in plutonium across the process MBA.
Thus,
the conclusion is that, even for a relatively small facility
such as PNC Tokai, input-output analysis is not a sensitive
measure for the detection of protracted diversion..
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4.2

Estimation of Inventory Hold-Up in Mixer-Settler Systems

The original proposal for near-real-time materials accountancy in the PNC Tokai facility included an estimation of the
plutonium inventory in the mixer-settler systems using a computer simulation model and measured aqueous feed rates and concentrations. Progress in this area has been slow. The problem
is not critical to a demonstration of near-real-time materials
accountancy in the PNC Tokai facility because of the relatively
small facility size.
It will be a critical problem, however,
in determining the ultimate detection sensitivity of the concept when applied to larger facilities.
The dynamic MUF data in Fig. 19, for example, shows the
effect of using a SEPHIS calculation to estimate the plutonium
inventory in the mixer-settlers during the C-l campaign.
The
apparent MUF loss during period four indicated by a solid line
(uncorrected dynamic MUF data) led the sequential decision analysis to a conclusion of no apparent MUF pattern. The corrected dynamic MUF data indicated by a dotted line clearly shows
that this apparent MUF loss was the result of an unusually high
mixer-settler system inventory at that time.
It is now questioned by some experts working on solvent
extraction system models whether SEPHIS, being an equilibrium
state model, can always dependably estimate the actual inventory in a non-equilibrium system, even when that system is operating relatively smoothly at steady-state.
A new code, PUBG,
has been developed specifically for mixer-settler systems, and
a revised version is expected to be published in mid-1981.
The PUBG work has shown that the total Pu inventory, the
only quantity of safeguards interest, is a sensitive function
of the feed and waste concentrations.
Since these are quantities which are already available, it is hoped that a simplified
model can be developed along the lines H = ACf + BC W , where
H is the plutonium inventory, C^ and C w are the aqueous
feed and aqueous waste concentrations, respectively, and A and
B are constants determined from PUBG modelling. Given existing
restrictions on access to data, the development and validation
of this simplified model will have to be performed outside the
TASTEX Programme.
4.3

Verification for International Safeguards

The study of verification for IAEA safeguards has not yet
progressed to the point where it is possible to specify a complete set of verification procedures.
Some examples can be
given, however.
The input measurement, for example, can be
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roughly verified by two methods.
One involves comparison of
the total plutonium found on dissolution with the plutonium
expected based on reactor calculations.
Much has been written
about the unreliability of the latter, and in terms of precise
verifications reactor calculations probably are unreliable.
From the actual data collected during the C-l/C-2 campaigns,
however, the difference normally is less than 200 g Pu, and the
average difference tends reasonably well towards zero.
If falsifications are limited to less than 200 g Pu per batch, AO
batches, over a period of at least three weeks, must be falsified. Since the data should tend towards zero, any sequence of
30-40 batches in which the difference was consistently large
would be cause for investigation and more careful verification. In the absence of such a consistent pattern, the inspector can assume that input measurements are not being grossly
falsified, and can wait for the conventional chemical verification to confirm the absence of smaller falsifications.
A second verifiation of the input measurement can be obtained from a comparison of Pu/U ratios found with those expected based on reactor calculations.
Again, the verification is
not precise, but it is adequate to detect falsifications in the
range of 150-200 g Pu or more, thereby gaining time for the
performance of more precise verifications.
The minimum falsification which extended over every flow
batch during an entire year of operation at nominal capacity,
would achieve a diversion of 8 kg Pu, is about 10 g.
This is
about 0.16-0.30% for a typical batch, depending on the type of
batch.
Since the assumption is that the falsification is repeated in every batch for an entire year, detection at this
level does not appear to be totally unachievable.
Multiple
period statistical techniques, in particular tests based on the
Kaiman filter statistic, should be able to contribute to an
increased detection sensitivity in this range.
5.

CONCLUSIONS

The Task F work has shown that it would be feasible to
apply near-real-time accountancy in the PNC Tokai facility,
that doing so would fulfil IAEA objectives in terms of detection, timeliness and sensitivity, and that such a system would
have a minimum impact on normal facility operations, although
it is not clear that an IAEA inspector can make use of the operator's system to verify the operator's data while avoiding the
disclosure of industrial knowhow.
It has also been shown that
it should be possible to develop inspection procedures which
would verify the near-real-time accountancy data for IAEA safeguards purposes.
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The field test data currently available, however, are not
sufficient to permit any estimation of the ultimate detection
sensitivity of NRT acountancy for the PNC Tokai facility, especially considering the existing measurement bias.
Examination of the question of verification for international safeguards has led to several useful
conclusions.
Firstly, it is concluded that the problem of detection of the
gross falsifications necessary to conceal an assumed abrupt
diversion can be separated from the problem of the detection of
a series of small falsifications which might conceal an assumed
protracted diversion. In the former case, verification must be
timely but need not be highly accurate;
while in the latter
case, it must be highly accurate but need not be timely. There
are no verifications which must be both.
Secondly, it is concluded that relatively little verification effort need be directed towards Inventory data, first because the magnitude of the in-process inventory is relatively
small and such that its falsification to conceal an assumed
abrupt diversion would be difficult, and, second, because the
frequent repetitions of the in-process inventory make even
small falsifications unproductive.
Thirdly, it is concluded that the assumed continuous presence of an inspector results in the availability of considerable corrobative data which can be used to provide approximate
verifications.

6.

RECOMMENDATIONS FOR FUTURE WORK

Continuing activities are necessary, and are planned, in a
number of areas. Minor modifications still appear to be necessary in the sequential decision analysis used to evaluate nearreal-time accountancy data, particularly to accommodate an
inspector-supplied estimate of the unmeasured in-process inventory.
Both the study of IAEA verification procedures and the
definition of an integrated safeguards system are incomplete,
and require further effort.
Field testing, begun in 1980 and
still in progress, needs to be continued to get more detailed
evaluation of both.
Several problems have arisen in the course of the test
programme which require further effort if near-real-time materials accountancy is to achieve its anticipated full potential. Specifically:
(a)

there is a need for an instrumental (NDA) measurement
input dissolver solutions,

for
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(b)

there is a need to validate the PUBG model for solvent
extraction system modelling, and to derive from it the
simplified inventory estimation model needed for nearreal-time accountancy and IAEA safeguards.

6.1

Development of an Integrated Safeguards System

Most of the work to date has been related to the use of
near-real-time materials accountancy in the process MBA.
To be
of maximum value for IAEA safeguards, this concept must be combined into an integrated safeguards system which considers all
material balance areas, and which
combines
near-real-time
materials accountancy with containment/surveillance measures in
some optimum manner.
Such a system has been prepared in conceptual outline; many details still require study and development .
In the spent fuel receiving and storage area the conceptual outline suggests that IAEA inspectors would observe and
verify, on a 100% basis, all spent fuel receipts.
Either photographic or video surveillance would be used to ensure that
there were no undeclared receipts or shipments of spent fuel,
and perhaps also to monitor the spent fuel storage area itself.
Primary reliance for the latter, however, would be
placed in a mini-computer X-Y crane position monitoring system.
The mini-computer would store safeguards-relevant information related to stored spent fuel, and would record storage
locations in terms of an X-Y grid of the entire area capable of
being traversed by the spent fuel handling crane.
When spent
fuel was transferred to the mechanical cell for processing, the
computer would note, from crane movements and from crane weight
loads, the identity of the fuel transferred, thus eliminating
the need for inspector observation and verification of these
transfer activities.
Such a computer monitor system does not
now exist, and needs to be developed and studied.
In the process MBA primary reliance would be on the nearreal-time materials accountancy system already developed. As a.
supportive system, a limited computer monitoring system would
be developed.
This computerized monitoring system, however,
would not need to be nearly as extensive as having been suggested.
This is because, although there are innumerable ways in
which plutonium might conceivably be diverted from the process
MBA, virtually all diversion paths necessarily affect either
the volume in one of the four buffer storage tanks or some
other critical parameter closely associated with those tanks.
It is believed, subject to further development and study, that
it would be extremely difficult to devise a diversion mechanism
which did not directly or indirectly affect one of those tanks
in some observable manner.
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TASTEX Task I bas already developed a monitoring system
for the product storage area, which system presumably would be
incorporated into the proposed integrated safeguards system
more or less intact.
Since that system largely deals only with
solution volumes, however, a system of near-real-time materials
accountancy based on periodic chemical sampling and analysis of
the storage tanks would also be necessary.
6.2

Development of an Improved Model for Estimation of
Inventory Hold-Up in Mixer-Settler Systems

As discussed in secion 4.2, the validity of SEPHIS should
be reviewed in comparison with PUBG using actual operating
data, because SEPHIS assumed the contactor operated at mass
transfer equilibrium and therefore did not account for the
effects of mass transfer rates, while PUBG accounted for these
effects.
If the effects are significant, the difference in
estimation of inventory may become a critical problem in determining the ultimate detection sensitivity of the proposed NRT
materials accountancy system.
It is expected that a simplified model to estimate the
total Pu inventory in a mixer-settler system can be developed
using aqueous feed and aqueous waste concentrations, and two
constants which can be derived from PUBG modelling.
This simplified model, if developed successfully, could become a very
useful and effective tool for the NRT accountancy system.

6.3

Investigation of Source of Measurement Bias across the
Process MBA

The result of analysis on field test data in C-l and C-2
campaigns clearly showed that there was a measurement bias
across the process MBA. The source of this bias should be investigated as soon as possible in order to improve the reliability of the materials accountancy of the Tokai plant.
This work should be begun with a detailed review on the
quality of declared data of measurement accuracies, the validity of error propagation model adopted, and procedures of the
conventional materials accountancy now in effect.
6.4

Installed Instrumentation

In selecting an instrument to measure input dissolver
solutions, a major consideration is the intense fission product
gamma ray activity. In addition, the high U/Pu ratio rules out
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absorption edge densitometry. X-ray fluorescence spectroscopy,
using an X-ray tube to excite the plutonium fluorescence Xrays, is the only technique that can overcome the gamma-ray
background, and is recommended for further study.
At the outpout of the first cycle and the input to the
U-Pu separation stage, the fission product gamma-ray background
is low but the U/Pu ratio is still too high for absorption edge
densitometry.
The X-ray fluorescence spectrometer is again
recommended for further study.
At the input to the third (plutonium) extraction cycle,
most of the uranium and fission product gamma rays have been
removed but the plutonium concentration is still quite low. An
instrument is needed with good sensitivity.
The X-ray fluorescence spectrometer is again recommended, but the K-edge densitometer could also be considered.
After the plutonium purification cycle, the output is considerably more concentrated. And at the output of the evaporator, the concentration has risen to about 250 g/ltr. At these
points, either the K-edge densitometer (developed under TASTEX
Task G) or the passive gamma-ray spectrometer (developed under
TASTEX Task H) should work well.
Both instruments were optimized for about 250 g/ltr.
For improved performance at the
lower concentration, the passive gamma-ray spectrometer could
be modified quite easily by enlarging the sample volume.

6.5

Simulation Modelling

It is believed that some of the difficulties encountered
in the computer simulation model arose primarily from the unmeasured portion of the inventory. After the rinse-out of the
system, this unmeasured inventory was allowed to appear as MUF
during the first material balance.
Future studies should consider ways of including an estimate of the unmeasured inventory, presumably in the form of a constant, in order to improve
detection sensitivity in borderline conditions.

6.6

Detection Sensitivity of the System

To permit an estimate of the ultimate detection sensitivity of the near-real-time accountancy for the PNC Tokai facility, it is recommended that field testing of the accountancy
system should continue.
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1.

PURPOSE

Demonstration of the K absorption edge technique for plutonium accounting in product solutions at Tokai has been the
primary purpose addressed by the evaluation activity under task
G.
A simultaneous demonstration of the Isotopics analysis
capabilities of the task G instrument was also included.
The
isotopics determination is based upon a transmission-corrected
passive gamma-ray assay. The goals of these demonstrations include evaluation of precisions and accuracies of the concentration and isotopics measurements, and demonstration of the longterm stability of the measurement technique for the task G instrument at Tokai.
PNC-Los Alamos collaboration addressed
these goals.
A final purpose of task G is to provide an in-plant instrument that can be applied to verification measurements for
safeguards at the reprocessing facility.
Collaborative IAEAPNC and IAEA-Los Alamos efforts have been initiated towards
this end.
Implementation for verification cannot be realized
until the performance evaluation activities are complete to the
satisfaction of the IAEA.
A parallel CEA effort under task G involves a feasibility
study for an instrument that determines uranium or plutonium
concentrations by the K absorption edge technique.

2.

TECHNIQUE, EQUIPMENT, PROCEDURES

2.1

The Task G Instrument at the Tokai Facility

The absorption edge technique in the present application
involves the measurement of gamma rays from an external source
that are transmitted through the sample to be analysed and
detected by a high-resolution gamma-ray detector.
The transmission sources for the task G instrument are the radioisotopes, Se-75 and Co-57.
The 121.1 and 122.1 keV gamma rays
emitted by these sources (respectively) closely bracket the K
absorption edge of plutonium at 121.8 keV.
The logarithm of
the ratio of the measured transmissions at these two gamma-ray
energies is directly proportional to the concentration of plutonium.
The measured transmissions of other gamma rays emitted by
the two sources can be used to correct for self-attenuation
effects in the passive gamma-ray assay. This approach is used
to evaluate the plutonium isotopics from data obtained during a
separate passive count.
All measured isotopic fractions are
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determined relative to that of Pu-239.
The Pu-242 isotopic
fraction (relative to that of Pu-239) is evaluated from an isotopic correlation based on the Pu-240 ratio to Pu-239.
The
correlated relative results are used to determine the absolute
isotopic fractions.
1 is designed to position the
The task G instrument t
Se-75 and Co-57 sources, mounted on a wheel, in the transmission path in order to perform the two transmission measurements.
A third positioning of the wheel shields both sources
from the detector for the passive count.
2000 sec count times
are used, typically, for the (Se-75 plus Co-57) transmission
measurement as well as for the passive count.
Measurement control procedures insure the long-term validity of the parameters which determine the absolute results for
plutonium concentration and isotopic fractions.
A plutonium
foil assayed routinely by the K-edge technique accomplishes
this purpose in the former case.
Since the isotopigs determination is sensitive only to relative gamma-ray detection efficiencies, the relative efficiency is verified using the measured gamma-ray intensities obtained during the measurement of
Se-75 in the absence of a sample. The unattenuated intensities
(intensities without sample) of the Se-75 and Co-57 gamma rays
are measured daily.
2.2

The IAEA-PNC Collaboration under Task G

A collaborative PNC-IAEA effort to evaluate the usefulness
of the task G instrument for international safeguards was initiated with measurements performed at Tokai during April 1980.
A joint (IAEA-PNC) report on the results of these measurements
has been issued.
2.3

The CEA Feasibility Study under Task G

The CEA feasibility study of K-edge measurements of plutonium and/or uranium in flowing solution streams includes
development of a prototype instrument with radioisotopic transmission sources pneumatically positioned.
The plutonium concentration assay is accomplished with Se-75 and Co-57 as described in Section 2.1 for the task G instrument at Tokai. The
uranium assay is accomplished with a Yb-169 transmission source
and a measurement technique that is applied in an existing,
inplant instrument.^!
Although the measurement is d e s c r i b e d ! ^ ] a s a two-step
determination of the transmissions of the 121.1 and 122.1 keV
gamma rays of separate Se-75 and Co-57 radioisotopic sources,
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this aspect of the technique must be modified if the in-line
applications are to be demonstrated.
In-line assay of plutonium concentration in flowing streams (such that concentration
varies with time) requires the simultaneous measurement of the
121.1 and 122.1 keV transmissions, previously demonstrated with
an existing instrument.^!
The results of the simultaneous assay of uranium and plutonium in mixed solutions will be the first demonstration of
this application of the K-edge technique with radioisotopic
transmission sources.
Continuous transmission source measurements at the K - e d g e f ! and Lju-edget^l have been demonstrated previously in this application.

3.

INSTALLATION, CALIBRATION, TEST

3.1

The Task G Instrument at Tokai

Calibration measurements were performed at Los Alamos and
Tokai using prepared nitrate solution samples of plutonium.
The solution samples were characterized by destructive analytical chemistry.
Since the isotopics calibration at Tokai was
based upon the mass spectrometric measurements of a single
sample, this calibration has been modified slightly based upon
the more extensive comparison results (mass spectrometry vs
passive assay) obtained with process solutions.
The calibration at Tokai was performed in October 1979 with 12 reference
samples. This activity was a joint PNC-Los Alamos effort that
simultaneously accomplished the purpose of training PNC personnel in routine use of the instrument.
Subsequent measurements with the calibrated
instrument
were performed on 66 product solution samples (including aged
samples from the storage tanks) from the five campaigns at
Tokai during November-December 1979, January-February 1980, May
1980, June-July 1980, and August-September 1980. These samples
were also analysed destructively for plutonium concentration
and isotopics.
A set of seven inventory and transfer samples
were withdrawn from storage tanks in March 1980.
These aged
samples were analysed by the task G instrument and by analytical chemistry for plutonium concentration only.
All of the
above measurements wère performed by PNC personnel.
Evaluation
of the results for the process solutions and for the inventory
and transfer samples has been accomplished jointly by PNC and
Los Alamos.

tion
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The details of instrument perfi
measurements are summarized

*

'

the calibraA summary

of the measurement procedures and of all results obtained
through May 1980 has also been given. ^
The instrument has
been used routinely at Tokai for more than one year with less
than one per cent of this time devoted to maintenance or
repairs.
3.2

The IAEA-PNC Study

A set of nine demonstration samples were prepared in April
1980 on the occasion of a visit of IAEA personnel to the PNC
facilities. The task G instrument was used to measure the plutonium concentrations and isotopic fractions in a collaborative
IAEA-PNC effort.
PNC performed destructive analysis on these
samples.
The joint (IAEA/PNC) evaluation of the results has
been prepared.
3.3

The CEA Prototype Instrument

Laboratory measurements of uranium solutions with concentrations from 70 to 250 g/ltr have been reported. ^
The
off-line measurement of plutonium in process samples is anticipated for late 1980.

4.

TEST RESULTS AND EVALUATION

4.1

The Task G. Instrument at Tokai

4.1.1

Plutonium Concentration

The results of the plutonium concentration measurements of 94 freshly separated (F) and aged (A) solution samples
at Tokai aré summarized in Fig. 21 and Table XIV. The "average
deviation" is the average percentage difference between two
separate measurements performed on each sample on different
days such that uncertainties due to statistics in the unattenuated and attenuated gamma-ray intensities as well as uncertainties in samples and source positioning and temperature and
electronic instabilities are reflected in this result.
The
"average bias" (Table XIV) is the percentage difference between
the K-edge measurement and analytical chemistry averaged for
the specified sample set. The absolute precision in the "average bias" (1 cf) is also given.
The "average deviation" (Table XIV, column 4) is
roughly 0.25% except for the anomalous results for the April
1980 and May 1980 data.
(Refer to Section 4.2 for interpretation of these results.) The K-edge precision computed from the
counting statistics of the K-edge assay is 0.25%, in reasonable
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TABLE XIV. SUMMARY OF PLUTONIUM CONCENTRATION MEASUREMENTS
AT TOKAI

Dates
(Samples)

P p u (g/ltr)

Type

No. of
Samples

Average
Deviation
(%)

8/79
(calibration)

145-340
N=12

8F
4A

na

9-10/79
(campaign)

212-270
N=7

5F
2A

0.29

1-2/80
(campaign)

202-245
N=7

7F

3/80
(inventory)

236-254
. N=7

7A

4/80
(demonstration)

155-254
N=9

5/80
(campaign)

Average
Bias
(%)

Precision
(la) in
Average
Bias
(%)

+

0.55

0.49

+

0.51

0.11

0.81

+

0.49

0.26

-0.55

+

0.28

5F
4A

0.70

-0.12

+

0.37

180-220
N=9

6F
3A

0.40

-0.53

+

0.71

6-7/80
(campaign)

153-246
N=23

18F
5A

0.28

-0.33

+

0.56

8-9/80
(campaign)

130-262
N=20
(N=15)*

0.24

-.075

+

0.93

(-0.29

+

0.52)*

9F
IIA
(8F,7A)*

(0.26)*

0.00

—

Fresh and Aged

(N=89)*
(N=63, data since 2/80)*

(-0.14
(-0.34

+
+

0.64)*
0.53)*

Fresh Only

(N=57)*
(N=37, data since 2/80)*

(-0.01
(-0.24

+
+

0.66)*
0.56)*

Aged Only

(N=32)*
(N=26, data since 2/80)*

(-0.38
(-0.52

+
+

0.52)*
0.42)*

Results for samples 63, 65, 69, 70 and 82 are omitted from average.
Refer to text and to Fig. 16 for details.
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agreement with the observed results.
Thus, mechanical, electronic, and temperature effects as well as sample positioning
appear to have little influence in the short term.
The "average bias" (Table XIV, column 5), the K-edge
result relative to chemical analysis, changes for each set of
measurements, although the precision in this result is, on the
average, 0.5%, in agreement with the combined precisions for
K-edge and chemical analysis (0.25% and, roughly, 0.5%, respectively).
While large fluctuations are observed initially in
the "average bias" (from sample set to sample set), these have
been relatively constant since February 1980.
The sampling,
procedures were modified after February 1980 such that the
samples sent for analysis by both techniques (destructive and
non-destructive) originated from the same vial. Prior to this,
separate samples were withdrawn from the process for destructive and non-destructive analysis.
Therefore, the sampling
procedures might be responsible for the larger fluctuations in
the "average bias" observed through February 1980.
The most recent set of data (8-9/80) includes five
points (refer to results for samples 63, 65, 69, 70 and 82 of
Fig. 21) for which the "average bias" is -2.1%, which is 3.5 tí
less than' the average for the remaining 15 points in this
sample set. Furthermore, the analogous results for these five
samples analysed by the task H instrument also show an anomalously large negative bias of 1.4% relative to the average for
the remaining 15 samples.
The results for these five samples
have therefore been excluded from the averages used to interpret the overall results.
The final interpretation of the concentration data is
based upon the averages given in the lowest three rows of Table
XIV.
These show an "average bias" of -0.34% (with an overall
precision of 0.53% in the "average bias") for results since
February 1980. If the recent (since February 1980) analytical
chemistry results are treated as reference values, then the
conclusion on the K-edge concentration measurements is two-fold:
(a)
(b)

the original K-edge calibration (October 1979) was in
error by 0.34%;
the overall accuracy of the K-edge technique is 0.53%
or better for long-term operation.

It should be emphasized that any inaccuracy in the chemical
analysis or in the sampling procedures will contribute to the
0.34% result. Furthermore, the precision in the chemical analysis contributes to the observed 0.53%.
If the precision in
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FIG.22.
Effective concentration of working standard plutonium
K-edge assay plotted against 1980 assay data.

foil measured at Tokai by

the analytical chemistry determination is 0.5%, then the longterm accuracy in the K-edge technique is
(0.53 2 - 0 . 5 2 ) 1 / 2 = 0.18%
Similarly, since the K-edge technique cannot be more accurate
than its precision, we use the K-edge precision of 0.25% to
compute the largest possible value for the analytical chemistry
precision. This is
(0.53 2 - 0 . 2 5 2 ) 1 / 2 = 0.47%
A separate evaluation of aged and freshly separated
sample results (bottom of Table XIV) shows a possible bias of
-0.3% for the aged samples relative to the fresh.
It must be
determined if this bias is due to the K-edge assay.
However,
since the average result for fresh and aged samples combined is
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TABLE XV. A V E R A G E BIAS (RELATIVE TO MASS SPECTROMETRY)
IN PLUTONIUM ISOTOPIC FRACTIONS

Sample
Set

No. of
Samples

Plutonium Isotope
238

239

240

241

242

Per cent
Bias + la Bias + 1o
-0.0

8/79
(calib)

1

9-10/79
(camp)

5
(?)

1-2/80
(camp)

7
(PWR)

4/30
(demo)

1

5/80
(camp)

6
(BWR)

-7.2+3.8

6-7/80
(camp)

18
(BWR)

-9.5+7.5 -0.4+0.3

8-9/80
(camp)

9
(PWR)

-3.7+2.6 -0.1+0.3

1.3+0.4

0.1+0.8

-2.7+1.6

-0.1

Bias + la Bias + la' Bias + la

0.1+0.0

-1.0+1.1 -0.1+0.4
1.7

-0.1

-0.9

-0.3+0.5 -0.7+0.9
0.2+0.6

0.1+0.4

-3.2
6.4+13.6
-0.4+ 2.6

0.1

0.3

-0.4

0.0+0.3

0.1+0.7

-1.3+1.2 16.1+24.2

BWR +
PWR

40

-6 +6

-0.2+0.3

BWR
only

24

-9 +7

-0.3+0.3

PWR
only

16

-2 +2

-0.1+0.3

-3.6

-0.4+0.4 -1! 8+0.4 26.3+10.3
0.3+0.7

-5.7+ 3.4

-1.0+1.1 13 +18

-0.3+0.5 -1.7+0.7 24 +15
0.8+0.7

0.2+0.6

-3+4

within 0.2% of that for fresh or aged alone, it is recommended
that the average result be used in the final interpretation for
the purposes of the TASTEX Programme.
The measurement control data for the K-edge assay are
the plutonium foil assay results plotted vs date in Fig. 22.
Aside from two anomalous points indicated in Fig. 22 (refer to
Section 4.2 for details), the overall precision of individual

126

TABLE XVI. A V E R A G E PRECISIONS IN ISOTOPIC FRACTIONS
OBTAINED FROM REPEATED 45-MINUTE ASSAYS

Pu Isotope

Precision (%, la )

238

0.6

239

0.2

240

0.4

241

0.5

242

1.1

45 min assays (solid points) is shown to be 0.26% (la ) , in
agreement with statistical .predictions.
The long-term stability of the calibration can be determined from the statistically precise averages of multiple (ten or more) assays indicated by open circles.
This is accomplished by subtracting
from the observed precision of 0.20% the statistical contribution (0.14%) of the unattenuated gamma ray intensities which
are measured only once for each set of multiple assays. Thus:
(0.202 -,0.14 2 )l/2 = 0.14%
is the (la) long-term stability in the calibration factor.
This result is in reasonable agreement with the 0.13% precision
evaluated with this instrument at Los Alamos in the limit of
long count times such that counting statistics are negligible.
The Los Alamos data, obtained during a one-month
test period, give the physical limits of reproducibility (electronic and mechanical) of the instrument.
Agreement between
the long- and short-term results indicates that mechanical and
electronic reproducibility is retained in the long term.
4.1.2

Plutonium Isotopics

Plutonium isotopics results have been obtained for 45
freshly separated solution samples.
These results (through
5/80) have been reported in detailf^l and are summarized in
Tables XV and XVI. The precision (Table XVI) is the la value
obtained from repeated 2000 sec measurements of the same
sample. The average bias (Table XV) is the average deviation
between the mass spectrometry result and the passive assay.
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Therefore, the accuracy
of the passive assay is the scatter
(la) in this average bias, assuming a negligible uncertainty
in the results of the mass spectrometry.
Based upon
information
provided
by
PNC,
it is
possible to examine the isotopics results separately for BWR
and PWR type fuels.
The average results are summarized for
each isotope in the bottom three rows of Table XV.
The main
conclusions are:

128

(a)

Pu-242 - A large (24%) positive bias appears in the
assay result for BWR type fuel. A separate isotopic
correlation for PWR and BWR type fuels would greatly
improve the accuracy of the Pu-242 result.
Separate
correlations would require input of the fuel type
(PWR and BWR) for each assay.
The accuracy of the
Pu-242 result, based upon the present correlation, is
18% (la).

(b)

Pu-241 - A negative bias of approximately 2% appears
for BWR type samples. The origin of this bias is not
yet established, but persistence of this effect in
future data might justify a separate calibration for
Pu-241 for the two types of fuel (BWR and PWR) in
order to compensate for a possible interference in
one of the two sample types.
This would eliminate
the bias in the BWR assay result and improve the
overall accuracy by a factor of nearly two.
The
accuracy of the present calibration for Pu-241 is
1.1% (la).

(c)

Pu-240 - The accuracy of the present calibration
(approximately 0.5%) agrees roughly with the precision of the Pu-240 measurements except
for the
September 1980 data where a positive bias of 1.3%
appears. This result reduces the overall accuracy to
0.8% for Pu-240.
The reason for the bias in the
Pu-240 result for the September 1980 data has not yet
been determined.

(d)

Pu-239 - The large uncertainty in the present Pu-242.
isotopic correlation for BWR fuels causes a slight
negative bias (0.2%) in the Pu-239 results for BWR
relative to PWR samples.
However, the overall accuracy of 0.3% for the Pu-239 determination is affected
insignificantly by the Pu-242 uncertainty.

(e)

Pu-238 - Comparison of the task G and task H results
for Pu-238 gives strong evidence that significant

mass 238 contaminants in the mass spectrometry assay
cause most of the bias and uncertainty in the Pu-238
result. The overall accuracy in the relative result
is 6%.
4.2

The IAEA/PNC Measurements

The results of the April 1980 measurements by the IAEA and
PNC personnel are summarized in row 5 of Table XIV, row 4 of
Table XV, and in Fig. 21.
The report which discusses these
measurements expresses concern over two problems which occurred
during the exercises at Tokai. One was the apparent deterioration of the precision in the K-edge measurement.
(Refer to
rows 5 and 6 in Table XIV.)
It was later discovered that a
loosening of the source positioning mechanism had occurred.
Correction of this problem in June 1980 (by tightening a single
screw) resulted in restoration of the precision for subsequent
data (refer to Table XIV). The two points in Fig. 22 which are
marked
with
"X" are
foil
results
obtained
just
before
correction of the problem in the positioning mechanism.
The
loosening, which may have been initiated during shipment or
installation, is not likely to occur as a result of normal
operation.
The other problem encountered during the April 1980 measurements was the occurrence of several system software failures during data acquisition. This problem was due to a fault
in the operating system.
That fault was corrected (by the
vendor) in June 1980.
No such failures have occurred since
installation of the new system in June.
4.3

The CEA Prototype Instrument

Laboratory concentration measurements have been performed
with prepared uranium solution samples. Accuracies of approximately 6%
(la ) are reported for the uranium K-edge concentration measurements,
but transmission source
strengths
are reported to be only 10% of the optimum
recommended
strength.]
Further
measurements
are
planned
with
stronger transmission sources.

5.

ASSESSMENT OF RESULTS

Plutonium concentration measurements of samples during the
period of time from February 1980 to the present indicate a
long-term accuracy in the K-edge calibration of 0.53% (la),
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assuming no uncertainties in the analytical chemistry results
for the same samples.
If a precision of 0.47%. is assigned to
the chemical analysis for plutonium concentration, then the
long-term accuracy of the K-edge calibration is equal to the
K-edge precision (0.25%, la). During this time period (since
the beginning of 1980), the stability of the calibration has
been demonstrated to be 0.14% (lo) based upon K-edge assays of
the working standard plutonium foil.
Furthermore, relatively
little time (less than 1%) has been invested in repair and
maintenance of the task G equipment during the first year of
operation at Tokai.
These long-term demonstrations of accuracy, stability, and reliability are evidence that the present
task G equipment might be effective for IAEA safeguards.
The plutonium isotopics results obtained to date with the
task G equipment indicate accuracies of 0.3, 0.8, 1.1, and 18%
for the Pu-239, Pu-240, Pu-241, and Pu-242 isotopic fractions
measured in BWR and PWR type samples. While these results may
be useful in some applications, improvements which can be
achieved with separate isotopic correlations for Pu-242 in BWR
and PWR type fuel are recommended in order to improve the overall isotopics results.
The separate correlations have been
determined, but have not yet been implemented for the task G
equipment.

6.

CONCLUSIONS

The task G demonstration at Tokai indicates potential for
the K-edge technique in measurements of plutonium concentration
for international safeguards.
The extension of these preliminary efforts to actual applications during IAEA inspections
appears to be feasible at the present time.
The measurement
results from the TASTEX Programme to date combined with results
of such extended efforts are potential landmarks in the evolution of safeguards in reprocessing.
7.

RECOMMENDATIONS FOR FUTURE WORK

It is recommended that the task G K-edge instrument be
implemented for safeguards inspections as soon as possible.
While the TASTEX demonstrations to date have shown the equipment to be potentially useful in these applications, the
success of such a programme depends on the development and
exercise of routine procedures during inspections which are
straightforward
in execution and interpretation, and which
minimize the intrusion on normal facility operations.
Some
recommendations for inspection procedures have recently been
submitted in preliminary form.

130

The possibility of a small (0.3%) bias in the concentration result for aged solutions (relative to fresh) should be
investigated to determine if the origin of the bias is in the
K-edge assay technique.
It is recommended that the Pu-242 isotopic correlation be
improved with a separate correlation for BWR and PWR type
fuels.
Efforts should be made to determine the origin of the
-1.7% bias in the Pu-241 results for BWR type fuel. The recent
(September 1980) bias of 1.3% in the Pu-240 results should also
be diagnosed.
Some attempts to develop alpha-counting techniques (as an
alternative to mass spectrometry) for determination of reference values for Pu-238 might result in a more precise evaluation of the Pu-238 determination by passive assay techniqes.
Efforts to adapt the task G equipment for uranium assays
are recommended as the need for such measurements arises.
Comparison of the results of the evaluation of the task G
instrument with those of its on-line analogue, currently undergoing testing at the Savannah River Plant I J, is recommended
for impact on the design of possible in-line instruments for
the Tokai facility and for future reprocessing plants.
8.
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1.

PURPOSE OF THE TASK

The purpose of this task is to demonstrate the usefulness
and accuracy for safeguards purposes of high-resolution gammaray spectrometry in comparison with chemical methods (i.e.,
mass spectrometry and gravimetric analyses) for measuring the
isotopic and total concentration of plutonium in the product
load-out and storage areas.

2.

DESCRIPTION OF THE METHOD, EQUIPMENT AND PROCEDURES

The technique of gamma-ray spectrometry is based on the
fact that the isotopes of plutonium are radioactive, and therefore emit specific radiations that uniquely indicate the presence of each isotope in the sample. ^ J
The gamma rays that
are emitted are detected by a germanium detector.
The signals
are amplified, sorted and stored as a spectrum of counts.
The
various peaks are then analysed and interpreted by specialized
programmes residing in the system's mini-computer.
Different analysis schemes can be employed with differing
degrees of complexity and attendant precisions and accuracies.
2.1

French Method

The French contribution consists of a feasibility study
and some preliminary tests. l6,7J
jhey are working on a prototype device that combines gamma spectrometry with K-edge
densitometry.
The system uses a rather large germanium detector (41 cm3') with a resolution of 0.76 keV at 122 keV and 1.8
keV at 1332 keV.
Because of the complexity of the lower energy
region of plutonium spectra, the inability of this detector to
sufficiently resolve many of the low energy components, and the
requirement of a more complex computer analysis, they have endeavoured to work on the 120-450 keV region of the spectrum.
An absorber can be inserted for aged solutions in order to
decrease the counting rate of the more intense, low energy
signals, particularly from Am-241 (59 keV).
Their procedure is
to determine one or more peaks for each isotope in the 120-450
keV region that are suitable for analysis.
After establishing
a relative efficiency curve using internal peaks due to Pu-239,
the isotopic ratios for Am-241/Pu-239, Pu-238/Pu-241, Pu-239/
Pu-241 and Pu-240/Pu-241 are calculated after correcting for
interferences that may exist.
Pu-242, which cannot be measured
directly by gamma-ray spectrometry, will be determined by an
isotopic correlation technique which is presently being developed.
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2.2

US Method

The US m e t h o d ^ ] used in task H is to perform a passive
gamma-ray measurement to determine both the isotopic and total
plutonium concentrations.
However, a distinction
is made
between freshly reprocessed
and
aged plutonium
solutions.
Although the equipment and experimental settings remain the
same for the two types of measurements (except the insertion of
a Cd absorber when counting aged solutions), the data analysis
programmes are quite different.
A small (1 c m 3 ) but high resolution (0.525 keV at 122
keV) detector is used.
The energy region analysed is from 40
keV to 300 keV.
The removal of the U-237 and Am-241 from
freshly processed samples permits the prominent peaks of Pu-238, Pu-239 and Pu-240 at 43, 51 and 45 keV, respectively, to
be analysed and interpreted. The 148 keV peak is used to measure the abundance of Pu-241. Several small interferences must
be removed.
For aged solutions, the intense 59 keV peak of Am-241 obscures the Pu peaks of lower energy. Therefore, several individual peaks of higher energy plus the 94-104 keV complex of
unresolved gamma- and x-ray peaks are analysed.
This computer
analysis programme is considerably more complex but still fits
easily into a mini-computer.
The Pu-242 abundance is calculated using a correlation function we have found between the
abundance of Pu-242 and the measured abundances of Pu-239, Pu240 and Pu-241.f 3 ]
The French are using an analyser consisting of standard
components that have been coupled to a PDP-11 mini-computer.
The US system is similarly constructed and currently uses a
PDP-8 computer.
The individual system and analysis software
programmes for the US system are stored on magnetic discs from
which they can be easily recalled. A functional description of
this system together with specifications and maintenance procedures are given in an operations manual that has been prepared . [ M
An analysis of the solution is performed by drawing a
small ( ~ 2 ml), undiluted portion into a specially designed cell
that contains a built-in monitor to accurately correct for
small changes that may occur in the detection response.
The
cell assembly is located outside of the glove box but is
connected to it by two concentric tubes.
These tubes connect
with the inner and outer containers of the cell assembly;
the
latter providing for secondary containment in the event the
primary containment fails.
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The active volume of solution viewed by the detector is
only about 0.2 ml with a cell thickness of about 0.1 cm. This
cell design is capable of measuring Pu concentrations up to
about 300 g/ltr.
Calibration is achieved by drawing a solution of known
concentration and isotopic abundances into the cell.
After a
spectrum has been acquired, the appropriate calibration computer programme is run that interprets the operator input and
spectral data, and automatically generates and stores all of
the necessary files to achieve a complete calibration of the
spectrum.

3.

TESTING, DEMONSTRATION AND INSTALLATION

The US spectrometer system was initially assembled and
tested at the Lawrence Livermore National Laboratory.
Special
computer programmes were written to facilitate the calibration
process.
The two principle analysis programmes were upgraded
from previously written versions to meet the requirements of
the task objectives.
Several sets of solution standards were prepared of varying concentrations and isotopic abundance ratios.
Samples of
these solutions were individually drawn into the measurement
cell and counted.
The analysis results were compared with the
known value s. The results of these preliminary tests have been
published.t^]
Demonstrations of the equipment
given to IAEA and PNC representatives.

prior

to

shipment

were

The equipment was shipped during August and September
1979, and installation and calibration was accomplished during
the period of 17 September to 19 October 1979. The system operation during this time was very acceptable.
Some hardware
failures have occurred during the year since installation, but
it was possible to localize the faulty components and repair
them without replacing an entire unit.
Calibration of the US system was coordinated with the
calibration of task G to minimize the effort required in preparing calibration solutions.
Although only a single solution
is required to initially achieve a calibration, several solutions were prepared to confirm this calibration and to evaluate
the response of system linearity to changes in solution concentration.
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TABLE XVII. COMPARISON O F CHEMICAL AND 7-SPECTROMETRY
RESULTS F O R FRESHLY SEPARATED PLUTONIUM SOLUTIONS
DURING CALIBRATION EXERCISES

Chemical Value
(g/D

Gamma Spec.
Value (g/1)

Difference
(%)

48.5

49.0

+ 0.95

101.9

101.6

- 0.30

144.0

143.4

- 0.42

171.4

171.4

0.0

186.6

186.6

0.0

197.3

196.7

- 0.30

197.3

196.7

- 0.30

216.6

216.2

- 0.19

221.1

220.3

- 0.36

253.8

253.9

4- 0.04

338.5

339.7

+ 0.35

TABLE XVIII. COMPARISON OF CHEMICAL AND 7-SPECTROMETRY
RESULTS F O R AGED PLUTONIUM SOLUTIONS

Chemical Value

Gamma Spec.
Value

Difference
(%)

48.12

48.41

+ 0.60

99.18

97.92

- 1.28

175.3

175.3

+ 0.13

205.0

204.1

- 0.42

231.5

231.6

+ '0.05

268.0

269.5

+ 0.55
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TABLE XIX. FRENCH RESULTS F O R PWR F U E L COMPARISON O F
MASS SPECTROMETRY AND 7-SPECTROMETRY RESULTS

Isotope

Abundance
Mass Spectrometry
(%)

7-Spectrometry
(%)

Relative
Difference
(%)

Pu-238

1.396

1.35

- 3.3

Pu-239

57.058

56.57

- 0.35

Pu-240

24.819

25.47

+ 2.5

Pu-241

11.413

11.53

+ 1.0

Pu-242

4.312

5.08

- 4.4

Comparisons of the two sets of freshly separated samples
used for calibration are summarized in Table XVII.
Similar
comparisons for aged solution samples are given in Table XVIII.
The isotopic abundances could not be independently varied
because only one starting solution was available.
However,
measurement precisions could be computed from the many separate
samples that were analysed. The computed precisions (1 6) were
generally within +0.5% for all of the measured isotopes.

4.

TEST RESULTS AND EVALUATION

The French feasibility studies were performed using a
100 /¿g PuÛ2 sample sealed in a stainless steel container.
Using a counting period of one hour, the results shown in Table
XIX were obtained.
Under ideal analytical conditions, the
French comparison with NBS standards gave the results that are
summarized in Table XX.
The US system installed at the Tokai plant has been tested
and evaluated during several reprocessing cámpaigns.
In addition to the measurement of freshly processed samples, many
samples were taken from the storage tanks for analysis during
inventory and transfer periods.
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TABLE XX. F R E N C H RESULTS ON NBS STANDARDS COMPARISON OF
7-SPECTROMETRY AND MASS-SPECTROMETRY RESULTS

Samples

Pu-238/Pu-241
S7/SM

Pu-239/Pu-241
S-y/SM

Pu-240/Pu-241
S-y/SM

NBS 946

1.037

1.015

0.962

NBS 947

0.973

1.005

0.998

NBS 948

1.006

1.007

0.980

Table XXI summarizes the differences in isotopic results
as obtained by gamma-ray spectrometry and by mass spectrometry.
The precision of the gamma-ray spectrometry results and
the agreement of the isotopic abundances with mass spectrometry
was generally very good considering that there was only a
single isotopic standard available during the calibration exercise .
Comparisons of the concentration measurements of gamma-ray
spectrometry and the eerie chemical determinations are shown in
Table XXIV.

5.

ASSESSMENT OF RESULTS

Approximately 82 accountability and storage tank samples
were analysed by the US system installed at the Tokai reprocessing facility. We have found that the isotopic values measured by the gamma-ray spectrometry system and values from mass
spectrometry generally agree within the combined errors associated with the respective measurements.
However, discrepancies outside measurement errors were noted for Pu-238. Here we
find that the mass spectrometry values are frequently higher in
value; in a few cases, by amounts greater than 20%. Mass contamination by U-238 may be a possible explanation for these
large differences.
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TABLE XXI. SUMMARY OF ISOTOPIC ABUNDANCE RESULTS
FOR US SYSTEM ,

Measurements

Isotope

Range of
i sotopic
abundances (%)

Average*
bias
results
b (%)

7

Pu-238
239
240
241
242

0.3
63.0
18.4
5.4
1.3

- 1.1
- 74.6
- 22.6
- 9.7
- 3.7

-0.95
+0.17
+0.05
+0.15
-4.54

2.07
0.08
0.44
0.21
3.59

7

Pu-238
239
240
241
242

1.0
61.6
22.7
9.4
3.7

- 1.2 '
- 63.3
- 23.3
- 10.1
- 4.0

-0.96
-0.007
+0.23
-0.03
-0.57

1.05
0.16
0.16
0.40
2.38

Pu-238
239
240
241
242

0.77
67.0
21.16
8.06
2.91

0.78
- 67.1
- 22.22
8.12
2.92

+0.10
+0.18
-0.22
+0.51
-2.74

0.64
0.21
0.38
0.36
2.01

+0.43

0.39
0.18
0.25
0.35
1.63

No. of
samples
(n)

Nov.-Dec
1979
Campaign
Samples

Jan.-Feb. 1980
Campaign
Samples

March
1980
Inventory and
Transfer
Samples

April
1980
Demonstration
Samples

May
1980
Campaign
Samples

4

7

Pu-238
239
240
241
242

9

Pu-238
239
240
241
242

- 1.1
- 74.8
- 21.2
- 8.2
- 2.9

+0.08
+0.02
-0.53
-7.25
+0.30
-0.45
+0.14
-2.32

4.14
0.39
0.55
0.89
—

Pu-238
239
240
241
242

0.4
66.6
17.3
6.0
1.1

- 0.9
- 75.3
- 22.0
- 8.2
2.9

-8.13
+0.21
+0.08
-0.28
-2.32

10

Pu-238
239
240
241
242

0.76
67.0
21.1
7.9
2.76

- 0.77
- 67.4
- 21.4
- 8.1
2.84

-0.93
0.05
0.16
0.42
-3.19

0.56
0.16
0.40
0.66
0.77

10

Pu-238
239
240
241
242

1.0
60.4
22.3
9.7
3.4

- 1.3
- 63.6
- 23.0
- 11.6
- 3.9

-3.29
-0.14
-0.05
0.79
-0.16

2.51
0.38
0.34
0.69
4.17

20

July-Sept.1980
Inventory and
Transfer Samples

Sept.
1980
Campaign
Samples
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0.4
67.0
17.6
5.7
1.1

-0.01

7.34
0.22
1.28
0.37
4.35

June-July 1980
Campaign
Samples

*

0.84
65.92
21.92
8.45
3.16

Precision*
o(%)

I f b = IU0 (Y-spec result - mass spec result)/mass spec result, then
b = (£b)/n, and o = [£( b-"6) 2 / ( n-1 ) ] * .

TABLE XXII. F R E S H L Y PROCESSED SOLUTIONS (38 ANALYSES)

Isotope

öa>

d

b)

Average0^
bias

Dd>

- 3.0

3.2

238

0.23

0.16

239

0.11

0.10

0.06

0.22

240

0.24

0.21

0.03

0.24

0.25

0.22

0.08

0.47

241
242

Calculated

- 1.5

3.0

We also note in Tables XXII and XXIII that there is generally good agreement among the different indicators of the
precision of measurement;
that is, the computed uncertainties
between duplicate anlyses (column 3), and the average deviation
between gamma spectrometry and mass spectrometry results are
consistent. We believe this agreement provides credibility to
the error values calculated by the computer.
Since Pu-242 cannot be directly measured by gamma-ray
spectrometry, its abundance is determined by an algorithm that
uses the measured abundances for Pu-239, Pu-240 and
Pu241.
As Tables XXI through XXIII
indicate, the calculated Pu-242 value was generally within 5% of the mass spectrometry value.
In addition to calculating the isotopic abundance ratios,
the system was calibrated to determine total plutonium concentration as well. A summary of the comparisons of these results
with the chemical results using a eerie oxidation method are
given in Table XXIV. There was fair agreement during the first
six months of operation.
However, during the later campaigns,
the gamma-ray spectrometry results began to deviate from the
chemical values.
The cause of this drift has not been determined yet. The
monitors and checks that were built into the analysis cell do
not indicate any problems.
The Cd-109 monitor sample that is
electro-deposited in the cell window indicates that the detector efficiency has decreased by about 2%.
However, these
drifts are expected and the Cd-109 monitor was included in the
cell design so that the analysis programme can correct the
spectral results for such changes.
In addition to the Cd-109
monitor, a Ba-133 check source is frequently inserted into a
special slot in front of the cell for additional verification.
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TABLE XXIII. AGED SOLUTIONS (42 ANALYSES)

Isotope

öa>

d

b)

Average0^
bias

Dd>

238

0.7

0.5

- 0.79

1.16

239

0.3

0.3

0.15

0.25

240

0.9

0.8

- 0.15

0.42

241

0.6

0.3

0.40

0.63

242

Calculated

- 3.4

3.7

O = the average error (%) calculated by the analysis programme
based on counts in those peaks used for the analysis.
d = the average absolute difference (%) between duplicate gammaray spectrometry results. The values indicate the reproducibility of the measurements.
See footnote under Table XXI.
D = the average absolute difference (%) between gamma-ray spectrometry and mass spectrometry results after removing the bias
shown in column 4.

The peak intensities of this source confirm the changes reported by the Cd-109 source and the ratio of the activities of
these two sources has been constant.
One possible explanation of the drifts that is now being
investigated is that the cell volume is changing, due either to
changes of the teflon gasket or due to separation of the titanium and plastic members of the cell window.
A measurement
programme was initiated
in October 1980 to monitor such
changes.
At the same time, several samples of Am-241 solution
were sealed'into vials. These samples will be opened according
to a predetermined schedule, drawn into the counting cell and
counted.
The 59 keV peak intensity will be compared with the
intensity of the initial solution. A change in the 59 keV peak
intensity would indicate a change in cell volume. Data are not
available on the results of the monitoring experiment.
On the other hand, we generally find that duplicate concentration results agree very well with each other, with an
average absolution difference of 0.13% for fresh plutonium
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TABLE XXIV. SUMMARY O F PLUTONIUM CONCENTRATION
MEASUREMENTS

Measurements

No. of
samples
(F-Fresh)
(A-Aged)

Pu
concentration
range
(g/D

Averagy
difference
between y - s p e c .
and chemical
results (%)

Preci s i o n * )
o(%)

N o v . - D e c . 1979
C a m p a i g n Samples

7
(5F, 2 A )

212-270

-.047

0.77

Jan.-Feb. 1980
C a m p a i g n Samples

7
(5F, 2 A )

203-245

+0.86

0.73

March
1980
Inventory and
T r a n s f e r Samples

7
(7A)

236-254

+0.24

0.72

April
1980
Demonstration
Samples

7
(7A)

155-254

+0.33

1.00

May
Campaign
Samples

1980
9
(9A)

180-220

+0.11

1.01

June-July
Campaign
Samples

1980
154-248

-1.16

0.59

213-226

-2.11

1.02

133-260

-2.28

0.76

23
(18F, 5 A )

July-Sept.1980
Inventory and
Transfer Samples
Sept.
Campaign
Samples

*)

1980

10
(10A)

10
(8F, 2 A )

See footnotes under Table XXI.

solutions and of 0.25% for aged samples. Except for the small
bias in later results, the standard deviation from chemical
results is generally less than 1% (last column, Table XXIV).

6.

CONCLUSIONS AND RECOMMENDATIONS

Most of the data and the detailed results have been
omitted from this summary report in order to limit its length.
Detailed information will be presented in a later report.
In
summary, we are quite satisifed with the isotopic analysis
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results determined by the gamma-ray spectrometer system installed at Tokai and find that the results generally agree with
mass spectrometry results, within the combined uncertainty of
the two measurements.
The results obtained for total concentration measurements
of the plutonium solutions require further study.
Although
there is very good internal consistency, particularly of replicate analysis, a 1-2% bias has appeared in the later data which
must still be resolved.
One tentative conclusion is that the
cell volume may have changed due to creeping of the gasket
material or to separation of the laminated window components.
If this is true, a new cell should be designed and constructed
to rectify the problem.
We also are concerned about the ease of maintenance of the
system. At the inception of the TASTEX Programme, the question
was raised with regard to the type of system hardware that
should be used and it was decided to install a system as expeditiously as possible, even if this meant replacing it with a
more maintainable system at a later date. That decision should
now be reviewed.
One option that might be considered is to
replace both the LASL and' the LLL computer-analyser portion of
the respective systems by a readily available commercial model
capable of handling both detector systems.
The specifications
of this computer-analyser would be such that the resulting system would be compatible with, and more maintainable by, the
host laboratory.
An additional advantage would be that any
familiarization or involvement of IAEA personnel would be
reduced to one analyser system. A disadvantage is that a hardware failure of some critical portion of the system would shut
down both analysis systems, unless some back-up capability was
provided.
Further attention should be given to how the spectrometer
system is to be implemented for IAEA safeguards;
and what
measures will be required to ensure the integrity of the system
and its results when left unattended in a plant. Also, procedures for calibrating or verifying the calibrations are of
great concern, particularly to the IAEA.
Some considerations
have already been given to these concerns, but much more
thought and experimental work must be invested to develop an
instrument that can meet the conditions required by IAEA Safeguards.
In addition, effort is now needed to complete as quickly
as possible the transition from the experimental and testing
phases of the TASTEX exercise to an operational capability for
the IAEA.
Improvements can be made in the technologies employed in this system, and many of these improvements can be
implemented in parallel with operational use.
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1.

PURPOSE

The purpose of the task I system was to provide computerized containment/surveillance of the plutonium product storage
area.
The system monitored the material entering and leaving
the product area, transfer operations within this area, and the
amount of material currently in storage.
It included high precision electronic manometer measurements for the plutonium product accountability tank and also for the seven plutonium product storage tanks.
The system was designed
inspector by:
(a)
(b)
(c)
(d)
(e)
(f)

to aid

a plant operator

or IAEA

decreasing the time required for recording plant data;
automating the collection of data useful to an inspector;
simplifying data sheet and report preparation;
minimizing data recording and transcription errors;
providing result validation by rapid and extensive
cross checking of data; and
providing some tamper indication capability.

The system is designed to accomplish these objectives
impeding plant operational activities.

2.

DESCRIPTION OF TECHNIQUE, EQUIPMENT AND PROCEDURES

2.1

General

without

Selected plant sensor signals were connected for input to
the task I system.
The task I instrumentation measured these
sensor input signals and transferred the digital representations to the task I computer.
The computer provided real-time
displays and print-outs which presented a "snapshot" of the
product area status, and historical data files were maintained
from which a system operator could request summary report listings or graphical plots of selected data.
Also included were
some verification and calibration features.
2.2

Sensors

The plant sensor inputs to the task I system consisted of
all major plant signals in the product storage area. PNC provided most of the plant signals as part of the original plant
installation design (with only minor exceptions).
These were
the same signals which were used in parallel by the plant operators. The current task I system provided a comprehensive set
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of inputs and was useful for evaluating this technology application for IAEA safeguards.
In total there were approximately
200 sensor signals which were input to the task I system.
The plant sensor input signals are briefly listed below.
(a)

High precision pneumatic signals are provided for the
Pu product accountability tank 266V23 and the seven
Pu product storage tanks 267V10-V16.

(b)

Plant precision pneumatic signals are provided for
all major (seventeen) tanks in the Pu product area.

(c)

Plant temperature (T/C) signals are provided for the
evaporator (266E20), accountability tank (266V23),
and the new product storage tanks (267V13-V16).

(d)

Load cell signals are provided for
tank 266V23 and storage tank 267V10.

(e)

Plant digital signals are provided
for
transfer
valves, sparge air valves, pumps, sample transmission
sensors, compressed air monitors, ventilation overpressure alarm, electrical power status sensors, and
driptray alarms.

accountability

In addition to the plant sensor signals, there are instrumentation sensor input signals which provide some tamper indicating or calibration features.
These instrumentation sensor
signals are briefly listed below.

(a)

A Ruska calibrator provides daily calibration of the
Digiquartz transducers.

(b)

Temperature (T/C) signals are provided
boxes and instrumentation cabinets.

(c)

Analogue loopbacks provide
the two system voltmeters.

(d)

Digital signals provide for tamper indicating for the
two NEMA boxes and four instrumentation cabinets, for
subsystem status indicators, and for partial verification of the digital signal interface equipment
(digital loopbacks).

on-line

for

the

NEMA

verification

of
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FIG.23.

FIG.24.
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Task-I computer

Task-I instrumentation

system.

cabinets with doors

closed.

2.3

Equipment

The task I system consisted
groups which are listed below:

2.4

of

three

major

equipment

(a)

Group 1 consisted of a Hewlett-Packard 9845T desktop
computer system with three HP-9885 flexible disc
drives. This system controlled the data acquisition,
analysed data, generated reports, and stored data.
This system was located in the plant operating area
(G549), and a photograph of it is presented in Fig.
23.

(b)

Group 2 consisted of four Computer Products instrumentation cabinets containing instruments or interface equipment from vendors such as Hewlett-Packard,
Computer Products, Scanivalve, NESCO, Guildline, and
Ruska.
This equipment was linked up to convert the
plant sensor signals into digital form for the computer.
The cabinets were located behind the plant
operating panel in G548.
A photograph of them is
presented in Fig. 24.

(c)

Group 3 consisted of two NEMA 'instrumentation boxes
which contained pneumatic multiplexing and high precision transducer measuring equipment.
They were
located deep within the plant access areas (A324 and
A124-2F).
Each instrument box multiplexed the pneumatic bubbler probe signals from four plutonium product area tanks into the high precision pressure
transducers.
The frequency signals from the transducers were
transmitted
over
coaxial
cable
for
measurement at the above mentioned instrumentation
cabinets.
This equipment provided high precision
data for monitoring tank levels and densities (where
density probes are provided).
A photograph of NEMA
box 2 is presented in Fig. 25.

Verification Features

Included within the task I instrumentation were
the
following features which could have contributed to system verification.
(a)
(b)
(c)

digital loopback signals;
an analogue loopback signal which may be crosschecked between the two system voltmeters;
automatic zero checking of the system voltmeters;

15 J

FIG.25.

(d)
(e)
(f)
(g)

NEMA instrumentation

box No.2 with door

closed.

frequency counter comparative measurements;
instrumentation cabinet access sensing;
Ruska calibrator checks for the NEMA box high precision transducers and the 64 channel Scanivalve; and
bubble waveform monitoring for the plutonium product
accountability tank 266V23 and the seven storage
tanks 267V10-V16.

Many of these are highly automated, and only minimal
interpretation would be required by an IAEA inspector.
Some
additional development is required to realize the full potential of some of the features.
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2.5

General Operating Concept and Procedures

The computer automatically controlled the instrumentation
data acquisition cycles and the data analysis requirements on a
time share basis. When the high priority data acquisition control functions were not currently active, the computer control
returned to the lower priority functions of real-time data analysis, historical data playback, or just the idle loop.
The
lower priority functions were interrupted by higher priority
functions whenever the higher priority functions required servicing.
Control returned automatically to the lower priority
functions at the point of previous interruption, after completion of servicing of the higher priority functions.
The real-time digital signals were monitored via computer
interrupt on state change, but the real-time analogue data were
collected per the data acquisition cycle times as identified in
Table XXV.
These cycle times were considered adequate for
currently identifed requirements.
These cycle times could be
increased in some cases via software changes if future requirements so warrant.
The computer-collected data were used to continuously update the Current Status Block (CSB) arrays. The content of the
CSB arrays at any specified time were a current "snapshot" of
the product area status. There were six cathode ray tube (CRT)
displays which presented the CSB status.
These were the High
Precision Data and Calibration Display, the Plant Precision
Data Display, the System Status Display, the Load Cell Data
Display, the Digital State Display, and the High Precision
Pressure Measurement Display.
In addition to these, the Sensor
Operating Table Display indicated what sensors were in an operating or non-operating status.
An operator could quickly
transfer these displays to the printer to obtain a "snapshot"
hardcopy.
If desired, the operator or inspector could then
take this hardcopy over to the plant operating panel and compare the task I data against the plant indicated data.
An additional real-time display was developed for task I.
This new display is the Storage Area Product Inventory Display.
For this display the total Pu concentration data for
266V23 and 267V10-V16, as determined by the Analytical Laboratory, may be manually input to the task I software to multiply
with the task I volumetric data to determine the total mass of
Pu in the product area.
Further development testing for this
display is required.
The entire CSB data were stored on flexible discs at halfhour intervals. Individual measurements were also sent to disc
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TABLE XXV. DATA ACQUISITION CYCLE TIMES (DATA RATES)

Measured Data

Cycle Time

Plant digital signals

Interrupt on state change

Plant digital signal back-up monitoring ~30 minutes
Normal high precision pneumatic signals

5~7 minutes

Special high precision pneumatic signals ~2 minutes
for 266V23
Plant precision pneumatic signals

~100 seconds

Plant temperature signals

~100 seconds

Load cell signals

~100 seconds

Bubble waveforms for storage tanks

Once per day*

Ruska calibration of high precision
transducers

Once per day*

Instrument temperature signals

~100 seconds

Analogue voltage loopbacks

~100 seconds

Digital loopback 1

Not yet operational

Digital loopback 2

~100 seconds

Digital loopback 3

Not yet operational

These measurements occurred automatically once per day at fixed
times or could be initiated at random upon operator command using
the special function keys on the computer keyboard.

storage whenever there was a detectable change according to the
associated system data selection (filter edit) parameters. All
collected high precision analogue data for 266V23 were currently sent to disc storage, but the other analogue data were
filtered to minimize the disc storage space requirements. Only
the essential data were stored.
All digital changes (other
than routine tank sparging indications) were treated as operations events and these data were printed out as they occurred,
as well as sent to disc storage. These data formed an historical data base.
Approximately three days of data could currently be stored
on a single flexible disc.
The task I data discs could be
played back on the task I computer system as an on-line, background activity which did not interfere with the real-time data
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collection (foreground) activities.
However, these data discs
could also be played back off-line on any compatible computer
system (HP-9845T computer with I/O and Mass Storage ROMs, HP9885M and HP-9885S flexible disc drives, and an HP-98035A real
time clock).
An off-line computer is not required to time
share between the low priority playback and the high priority
real-time activities, so playback process will speed up significantly using an off-line computer. Such an off-line computer
system could theoretically be located at any geographical location if copies of the data discs were either hand carried or
sent via mail.
From the historical data base, an operator can prepare
graphical plots of selected data and summary report listings.
The graphical plots can be prepared for plant digital signals
and also for analogue variables such as tank levels, densities,
volumes or temperatures.
Special off-line software modules were demonstrated at the '
Tokai Reprocessing Plant on 28 October 1980. These modules are
SIGEVT, STANKS and SUMARY, and they functioned in the data
playback mode with the end objective of preparing a campaign
summary report of the essential data for the accountability
tank 266V23 and the currently used storage tanks 267V10-V12.
The programme SIGEVT determined the times of selected significant events of interest, and the programme STANKS then combined
the output of SIGEVT with an evaporation model and task I volumetric data for 266V23 to calculate the density and volume
quantities for the storage tanks at the various times of interest.
The programme SUMARY combined the outputs from SIGEVT
and STANKS in a desirable report format.
These programme
modules are currently developed only for acid addition operations and transfer operations
from
266V23
to
267V10-V12.
Further development is required to expand these programmes to
include all major operations in the Pu storage area.

3.

DESCRIPTION OF INSTALLATION, DEMONSTRATION AND TEST

3.1

Basic Installation Criteria

The task I system included the computer system in the control room area (G549), the instrumentation cabinets in the
relay rack area (G548), and the NEMA boxes in the plant dP
transmitter areas (A324 and A124-2F).
The computer system was
located in the control room for operator convenience, and the
instrumentation cabinets were located in the relay rack area to
facilitate the many pneumatic tubing and electrical wiring
connections to the plant.
The NEMA boxes were located deeper

155

High Precision Merged Data
Tank No. 2 6 6 V 2 3
1000.0
900.0
800.0
700.0
_
£

600.0

¿

500.0

>
°

400.0
300.0
200.0

-H—i—H—f—

100 0
i

.

i

.

i

.

i

.

i

Inn II n i n in i m
I . I . I . i . I .

.

I

»

0.0
00

02

04

06

08

10

12

14

16

18

20

22

24

Hours for Day

FIG.26.

266 V23 level data plot for a typical product

batch.

in the plant in limited access areas so as to minimize the
length of pneumatic tubes which connect directly to the plutonium product accountability and storage tanks.
3.2

System Demonstration

The task I system was installed at the Tokai plant during
September 1979 and operated nearly continuously from November
1979 onwards, although some system failures were experienced.
The collected data include the pre-quarantee test campaign
(November 1979), the guarantee test campaign (January 1980),
the C-l campaign (April-July 1980), calibration of the Pu
product accountability tank 266V23 (August 1980), and the C-2
campaign (September-December 1980).
A demonstration of the task I system ability to monitor
and maintain historical data files for some typical product
area operations activity was given in February 1980 with PNC,
IAEA and INEL personnel participating.
Additional software
improvements for enhancing the data utilization by an IAEA
inspector were assigned in February 1980 and a demonstration of
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these improvements was given in October 1980 with personnel
from France, the IAEA, Japan and the United States participating.
3.3

Testing Techniques for System Confirmation

Confirmation of the task I high precision pressure measurements could generally be accomplished via data consistency
plots and data comparison against plant water manometer or
plant digital manometer measurements. Confirmation of the task
I plant precision pressure measurements and the task I temperature measurements could generally be accomplished via data comparison against the plant control panel chart recorders.
Confirmation of the task I load cell measurements could be accomplished via data comparison against the load cell digital panel
read-out.
Finally, confirmation of the plant digital signals
could be accomplished via special short circuit tests at the
plant terminal connection points behind the control panel which
activate the plant control indicators.
Comparison of these
indications against the task I computer response could test the
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associated task I electronics and software. The plant control
panel indicators have been tested against actual plant sensor
operations through plant operations over a few years of time.

4.

TEST RESULTS AND EVALUATION

4.1

Typical Examples of Plant Operations Data Plots

Some typical examples of playback data plots are illustrated in Figs. 26 and 27. These data illustrate the typical
data for product solution receipt into 266V23 from the evaporator (266E20), circulation in 266V23, sampling in 266V23
(following
circulation),
solution
temperature
cooldown
in
266V23, and then a batch transfer from 266V23 to the 267V10
storage tank. Operations data evaluation is required to assess
further
the data
associated
with
these
types
of
plant
operations.
A typical example of the product solution high precision
level data for a storage tank under static conditions (except
for routine sparging) is presented in Fig. 28.
This plot is
over a 24 hour time interval and illustrates the daily evaporation rate characteristics due to sparging effects.
The measured slope of the level decrease for a day may be used in an
evaporation model to estimate the density increase during the
day.
This technique is important because the currently used
storage tanks 267V10-V12 do not have effective bubbler probes
for continuous density measurement.
4.2

Confirmation of High Precision Data

The task I high precision pneumatic data, a typical
example of which is given in Fig. 28, were indirectly confirmed
via the Ruska calibrator subsystem (a secondary standard) and
its subsequent calibration against a primary standard such as a
high accuracy air piston gauge. In addition to these precision
checks, the high precision data were directly confirmed via
comparison against the plant manometer measurement data.
Each
of these checks had to be interpreted within the limits of
accuracy for the instruments involved and the test methods used.
Initial testing of the task I Digiquartz transducer calibration techniques, over the pressure measurement range of 0 to
5 psi, suggested a maximum transducer precision error of +0.20
mm H2O (when using a third order curve fit).
This precision
error may be combined in a sum of squares manner with the task
I Ruska calibrator accuracy error specification of +0.88 mm
H2O (at 5 psi) to yield an overall measurement accuracy error
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Typical example of high precision data for 267V10

(assumed density

1.54

g/cm3).

estimate of +0.90 mm 1^0.
This error magnitude estimate is
equivalent to HHD.026% of the effective measurement range full
scale value of 5 psi.
Additional calibration testing at the
Tokai plant is required to improve this measurement accuracy
estimate.
An initial direct comparison of task I high precision data
against plant water manometer data and task E data for tank
266V23 was performed during August 1980.
Such data indicated
fair agreement between task E, task I and plant water manometer
measurements. Future improvement is expected via refinement of
calibration procedures.
4.3

Confirmation of Other Data

Test results which confirm the initial satisfactory operation of the plant precision data, load cell data, plant digital
data, and instrumentation sensor data are presented in reference [1].
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5.

ASSESSEMENT OF RESULTS IN TERMS OF MEETING PURPOSE

The task I system was developed at the INEL and at the PNC
plant and has accomplished most of the desired objectives for
an effective monitoring system.
These include basic data
collection and data storage for the major plant sensors in the
Pu storage area, real-time displays for the plant data, realtime print-outs of operational changes, and the capability to
playback historical data for the preparation of data listings,
graphical plots, and summary reports.
The data are of immediate potential use to the plant operators, and the potential
use for IAEA inspector applications is still under development.

6.

CONCLUSIONS

It is believed that the task I system has considerable
potential for enhancing the effectiveness of IAEA safeguards at
the Tokai plant.
The main elements of potential contribution
to safeguards are listed below.
(a)

The task I system can form a basis for improved monitoring
of the Pu product area. Analytical laboratory density and
isotopic measurements (verified via task G or task H instrumentation), together with task I observation of Pu
solution evaporation characteristics and other task I
measurements, can permit the assessment of Pu product
quantities in the Pu product area on a near continuous
basis (near real-time or post-analysis via historical data
playback).

(b)

The task I system produces an historical data base which
may be used to monitor operations and prepare accountability-type summary reports relative to:
i)
ii)

new product batch inputs into the Pu product area;
current Pu product inventory at any specified time;
and
iii) Pu product load-outs from the Pu product area.
(c)
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The recorded plant digital state changes, together with
the recorded analogue signal changes, can be used for
operations surveillance monitoring to verify that specified operations are performed in a satisfactory and expected manner.
This surveillance activity can be performed initially via manual analysis of the data with the
potential for adding future capabilities for computer
aided analysis.

7.

RECOMMENDATIONS FOR FUTURE WORK

7.1

Improved IAEA Applications of Task I Data

(a)

Determine what sensor deletions and additions are desired
for an acceptable Pu product area monitoring system and
implement these changes where appropriate.

(b)

Further improve the real-time displays
requested by IAEA personnel.

(c)

Further develop the software modules SIGEVT, STANKS
SUMARY to extend the summary report capability for
major operations within the Pu product storage area.

(d)

Perform a high accuracy test, demonstration
time Storage Area Product Inventory Display.

(e)

Provide an additional HP-9845B(T) computer system and two
disc drivers for off-line use at Tokai. This system would
be used for improved performance of historical data playback activities, for software development, for disc initialization, and for disc copy activities.

(f)

Assign specific responsibility and resources for the evaluation of all task I operations data over an extended
period of time.
Data reports and evaluations should be
distributed to task I user participants.

(g)

Assess the incremental benefit of this type of plutonium
storage monitoring to IAEA safeguards effectiveness.

7.2

Improved Accuracy and System Reliability

(a)

Evaluate the long term performance of the Digiquartz precision transducer calibrations through daily use of the
Ruska calibrator.
Improve the calibration techniques as
required.
A specific goal is to implement temperature
correction terms for the transducer calibration equations.

(b)

Perform periodic calibration checks of the Ruska calibrator (a secondary standard) using a high accuracy air
piston gauge (a primary standard).

(c)

Implement recommended hardware changes to the task I NEMA
boxes such as delete one switch wafer, etc. These changes
are relatively minor in nature and the vendor representative predicts 100% improvement in reliability.
No major

and

print-outs

of

the

as

and
all

real-
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additional costs for equipment are required.
Some
ciated software modifications will be necessary.

asso-

(d)

Perform analysis of task I data collected during the recalibration and thermal expansion test for tank 266V23
during August 1980.
Such analysis might conveniently be
performed using task E software. The results of this work
could be used to update and improve the tank 266V23 calibration equations in the task I software.

(e)

Further evaluate the long term reliability of system components.
Develop
improvements and
provide
additional
spare parts where required.
A plant digital state test
box (or equivalent) should be considered.

7.3

Improved Tamper Resistance and System Verification

(a)

Improve the computer programme and equipment security features to meet the needs of the IAEA.

(b)

Evaluate the long term utilization of the bubble wave form
data for signal source verification and maintenance monitoring.
Improve the task I software to include Frequence
vs. Time Intensity (FTI) plotting capabilities for enhanced
"finger-print" characterization
of
the various
bubbler probe signatures.

8.
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1.

PURPOSE

A technique is needed to prepare very small samples of input accountability tank solutions and development is required
of procedures to facilitate the transfer of such samples from
the Power Reactor and Nuclear Fuel Development Corporation's
(PNC) plant in Tokai-mura to the International Atomic Energy
Agency (IAEA) laboratory near Vienna. The combination of resin
bead sampling and mass spectrometrlc isotope dilution analysis
can meet this need by reducing the amount of sample to the
nanogram level which then may be shipped as exempted radioactive materials.
Task J involves collaboration between ORNL,
Agency and PNC personnel to evolve schemes for both sample preparation and sample shipment which would be suitable for use by
the Agency.

2.

DESCRIPTION OF TECHNOLOGY, EQUIPMENT PROCEDURE

The resin bead technique involves selective adsorption of
Pu and U onto anion resin beads, each of which then serves as a
sample for mass spectrometric analysis.
Samples spiked and
equilibrated with U-233 and Pu-242 spikes are treated in the
same way to produce resin beads' for the isotope dilution measurement of uranium and plutonium concentrations.
Details of this technique and the computer programmes to
process the data have appeared previously [1-15].
Equipment
required includes a pulsecounting mass spectrometer and apparatus for manipulating individual resin beads. This latter includes microscopes and special tools developed at and supplied
by ORNL.

3.

DESCRIPTION OF INSTALLATION

The resin bead technique equipment is amenable to installation at a facility with minimum inconvenience.
Selection of
bead preparation location can be made to minimise inconvenience
to PNC.
The sample of concentrated input solution is first
diluted 150-fold and sub-sampled in the hot cell of PNC laboratory.
The sub-samples of the diluted solution may then be
transferred to a glove box for spiking, chemical equilibration
and resin bead preparation.
Local shielding of the box with
3mm of lead is recommended.
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4.

Resin bead sampling technique

procedure.

DESCRIPTION OF THE FIRST TEST

Two PNC staff scientists were trained in resin bead methodology at ORNL in November/December 1978.
In February 1979,
samples for five different dissolver solutions were prepared
under their direction.
(Figure 29).
These were shipped both
to ORNL and the Agency as resin samples and as the dry residues
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of solutions.
Unfortunately, reprocessing was interrupted at
that time.
The material used in the TAST.EX experiment had
therefore to be taken from archive samples of batches produced
in August 1978. The TASTEX samples were received in June 1979
at ORNL and SAL, and analysed in the period of August-October
1979.
The field-prepared beads were mounted and measured in
the mass spectrometers without further treatment.
The dried
samples were redissolved and absorbed on beads by ORNL and the
Agency for mass spectrometric analysis.
Figure 30 outlines the sampling and measurement scheme in
this experiment.
Note that the corresponding batches were
analysed by PNC in August 1978.
Therefore, different spiking
solutions were used in the PNC analyses and in the TASTEX experiment .
The plutonium measurements at PNC were performed respectively on 11, 12, 13, 14 and 18 August 1978 after dilution with
3N HNO3 (DF=150).
The residue of the diluted solutions had
been stored six months in a shielded cell before the TASTEX
samples were prepared.
The compositions of these solutions
changed during this time by evaporation, contamination or other
factors.
These conditions make it difficult to compare the
results from PNC with those from other Laboratories.

5.

RESULTS AND EVALUATION OF THE FIRST EXERCISE

The concentrations of uranium and plutonium were calculated
on the basis of the information provided by PNC for the dilution and spiking.
The composition of the spike used in the
first experiment was also provided by PNC.
Table XXVI presents the results of the analyses of the
resin beads prepared at PNC. The analyses of the dried samples
are presented in Table XXVII. The plutonium results are valid
for their date of measurement. No correction is made for isotopic decay because the exact dates of measurements are not yet
fully reported.
Such correction, however, would be minor as
all measurements were performed within a three month period.
Most plutonium measurements are in good agreement.
The
mean differences between laboratory and resin bead technique
are less than 1%.
The standard deviation of the laboratory
differences is better than 0.5% with laboratory
prepared
beads.
The same would be true with the field-prepared bead
samples if SAL had not observed a high result on sample F-17
(Table XXVI).
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FIG.30.

Design of first

experiment.

The agreement is not as good for uranium measurements.
This points to a problem of contamination of the very small
samples handled in this experiment.
All other measurements
were in satisfactory agreement.
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TABLE XXVI. ANALYSES OF FIELD-PREPARED RESIN BEADS
- F I R S T EXPERIMENT
Pu Analyses
Batch Lab.

Atom Percent
238

239

240

241

242

Conc. g/ltr

15 F

ORNL
SAL

0.324
0.344

74.624
74.620

18.376
18.344

5.418
5.438

1 259
1 253

0.835
0.852

17 F

ORNL
SAL

0.332
0.370

74.591
74.608

18.292
18.299

5.498
5.436

1 288
1 287

0.853
0.891

19 F

ORNL
SAL

0.330
0.335

74.761
74.692

18.228
18.287

5.429
5.444

1 252
1 242

0 948
0 953

20 F

ORNL
SAL

0.320
0.327

74.640
74.708

18.413
18.378

5.388
5.361

1 239
1 226

0 917
0 912

23 F

ORNL
SAL

0.323
0.345

74.228
74.315

18.558
18.489

5.562
5.537

1 328
1 314

1 029
1 025

0.019

0.019

-0.014 -0.036

-0 009

0 010

0.014

0.061

0.061

0.005

0 018

Mean diff
SAL-ORNL
Std dev

0.049

U Analyses
Batch Lab.

Atom Percent
234'

235

236

238

Conc. g/ltr

15 F

ORNL 0.0151
0.0173
SAL

1.223
1.252

0.167 98.594
0.171 98.559

191 7
265 1

17 F

ORNL 0.0150
0.0159
SAL

1.230
1.238

0.168 98.588
0 169 98.578

194 2
196 1

19 F

ORNL 0.0159
0.0159
SAL

1.233
1.248

0 171 98.580
0 172 98.564

204 5
235 6

20 F

ORNL 0.0162
0.0239
SAL

1.242
1.257

0 168 98.573
0 176 98.544

202 5
206 3

23 F

ORNL 0.0158
0.0158
SAL

1.221
1.232

0 170 98.593
0 170 98.582

209 1
224 2

0.0022

0.016

0 003 -0.020

25 1

0.0032

0.008

0 003

29 4

Mean diff
SAL-ORNL
Std dev
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0.011

TABLE XXVII. ANALYSES OF D R I E D SAMPLES - F I R S T EXPERIMENT

Pu Analyses
Batch

Atom Percent

Lab.
238

239

240

241

242

Cone, g/ltr

15 L

ORNL
SAL

0.339
0.325

74 665
75 634

18 350
18 347

5 389
5 430

1 257
1 264

0.860
0.861

17 L

ORNL
SAL

0.330
0.349

74 691
74 644

18 259
18 256

5 441
5 467

1 279
1 285

0.853
0.853

19 L

ORNL
SAL

0.345
0.300

74 859
74 769

18 163
18 261

5 394
5 409

1 238
1 262

1.536
1.531

20 L

ORNL
SAL

0.331
0.300

74 730
74 693

18 388
18 404

5 318
5 362

1 234
1 241

0.918
0.911

23 L

ORNL
SAL

0.349
0.355

74 275
74 170

18 514
18.489

5 535
5 676

1 327
1 331

1.026
1.018

-0.017

-0 062

0 178

0 053

0 010

-0.004

0.024

0 033

0 047

0 050

0 008

0.004

Mean cliff
SAL-ORNL
Std dev

U Analyses
Batch Lab.

Atom Percent
234

235

236

238

Cone g/ltr

15 L

ORNL 0.0148
0.0152
SAL

1.234
1.252

0.168 98.583
0.170 98.563

199 5
183 4

17 L

ORNL 0.0150
0.0148
SAL

1.239
1.247

0.167 98.579
0.169 98.570

190 3
186 6

19

L

ORNL 0.0153
0.0152
SAL

1.250
1.250

0.170 98.564
0.172 98.563

218 3
214 1

20 L

ORNL 0.0153
0.0156
SAL

1.248
1.256

0.167 98.569
0.170 98.559

203 3
200 0

23 L

ORNL 0.0149
SAL
0.0146

1.214
1.230

0.167 98.619
0.170 98.585

212 6
204 5

0.0000

0.010

0.002 -0.015

- 71

0.0003

0.007

0.001

Mean diff
SAL-ORNL
Std dev

0.013

5 4
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FIG.31.

6.

Outline of a follow-up

experiment.

DESCRIPTION OF THE FOLLOW-UP EXPERIMENT

To eliminate the contamination problem identified in the
first test, ORNL defined in consultation with SAL a scaled-up
method for the preparation of resin beads according to a
"batch" procedure.
After testing at ORNL, this scaled-up
method was discussed and examined at PNC in collaboration with
ORNL, IAEA and PNC in August 1980 .
A follow-up experiment was then carried out to test this
"batch" procedure and to provide a comparison with PNC ' s data.
In this experiment, as shown in Figure 31, the spent fuel
dissolver solution was sampled.
After dilution, five subsamples were taken and treated using the normal spiking and
chemical equilibration procedure in use at PNC.
Resin bead
samples were prepared by PNC personnel using the modified
"batch" technique developed at ORNL, as described in Figure
32.
The beads were sent to ORNL for measurement and transmitting to SAL.
Dried residues from the spiked and unspiked
solutions were also sent to SAL for conventional mass spectrometric analysis.
PNC performed mass spectrometric analyses of
the subsamples according to their normal procedure.

7.

RESULTS AND EVALUATION OF THE FOLLOW-UP TEST

The results of the follow-up experiment [18,19] are summarised in Tables XXVIII, XXIX and XXX.
Table XXVIII shows the
results of measurements on the unspiked sample.
The agreement
is excellent for all isotopes of U. For the Pu isotopes, small
discrepancies exist for the Pu-238 and Pu-241 measurements.
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ORNL -

SAL

Resin bead

FIG.32.

Outline of procedure for a follow-up

experiment.
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TABLE XXVIII. ISOTOPIC ANALYSIS OF UNSPIKED SAMPLE:
FOLLOW-UP EXPERIMENT
U wt %

Laboratory
234

235

236

238

PNC

0.0191

1.0942

0 3746

98.5121

SAL

0.0206

1.0905

0 3699

98.519

ORNL

0.0201

1.0965

0 3722

98.511

Pu Isotopes wt %
238

239

240

241

242

PNC

1.4579

60.1775

22.6226

11.5149

4.2272

SAL*

1.375

60.171

22.599

11.624

4.231

ORNL*

1.366

60.232

22.635

11.529

4.239

*

Valid for operator's date of measurement (80-10-10).

Table XXIX shows the results from all laboratories for the
concentration of U in the five subsamples.
The agreement
between laboratory means is very good with a coefficient of
variation between the laboratory means equal to 0.21%.
Table
XXX gives similar results for the Pu concentration, again with
very good agreement and a coefficient of variatiion equal to
0.44%.

172

T A B L E X X I X . A N A L Y T I C A L D A T A : FOLLOW-UP EXPERIMENT

Uranium Concentration - g/ltr

Sample

PNC

0RNL-RB

1

164.24

163.69

164.88

164.68

2

163.77

164.08

164.89

164.48

3

165.38

163.97

164.74

165.15

4

165.35

163.68

164.46

165.29

5

164.68

164.33

164.53

164.57

Mean

164.68

163.95

164.70

164.83

0.70

0.27

0.20

0.36

SD

Total Mean

164.54

Total SD

0.53

(0.32%)*

DF = 19

Within lab. SD

0.43

(0.26%)*

DF = 16

Between lab. SD

0.35%

(0.21%)*

DF =

*

SAL-0ried

SAL-RB

3

Coefficient of variation

These results indicate that there was no problem of sample
contamination in this follow-up experiment.
The agreement
between resin bead and conventional mass spectrometric measurements was excellent.
The accuracy of the resin bead method,
therefore, is consistent with the standards of measurement set
by the Agency (1.0% standard deviation for Pu and 0.8% standard
deviation for U for closing material balances) (20).
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T A B L E XXIX. A N A L Y T I C A L DATA: FOLLOW-UP EXPERIMENT

Sample

Plutonium Concentration - g/ltr
(corrected to PNC date of measurement)

SAL-RB

ORNL-RB

PNC

SAL-Dried

1

1 497

1 490

1 509

1.491

2

1 506

1 498

1 505

1.484

3

1 495

1 495

1 505

1.501

4

1 495

1 488

1 509

1.493

5

1 496

1 491

1 506

1.491

Mean

1 498

1 492

1 507

1.492

SO

0 0047

0.0040

0.0020

0.0061

Total Mean

1.497

Total SD

0,.0074

(0.49%)*

DF = 19

Within lab. SD 0..0044

(0.29%)* ' DF = 16

Between lab..SO 0..0066

(0.44%)*

*

8.

DF =

3

Coefficient of variation

CONCLUSIONS AND RECOMMENDATIONS

The resin bead preparation technology has been transferred
to PNC personnel as is demonstrated by the analyses of PNC-prepared resin beads at ORNL and SAL.
The first test has confirmed the potential of the technique
and demonstrated an acceptable initial agreement between ORNL
and SAL. It showed, however, the evidence of the risk of contamination which would affect the determination of the uranium
concentrations.
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The scaled-up and rapid method of preparation of resin
beads used in the second test proved that the contamination
problems have been mastered by the use of specially clean glove
boxes.
The Fe(II)/nitrite treatment used in both tests never
gave any problem of sample chemistry.
Good agreement between
the three laboratories of PNC, ORNL and SAL on the follow-up
experiment gives assurance of both the successful transfer of
resin bead technology to PNC and the technique's potential as a
reliable safeguards sampling
technique
under
such
circumstances.
Further work is required which takes into account
PNC's special radiation control measures in order to develop an
easier transport procedure for use as a routine safeguards
technique.
The modified resin bead technique presents no greater risk
in terms of contamination and sample chemistry when compared
with the dry spike technique currently used at PNC (21).
The
two techniques are also equivalent in cost and in the time
required for sample preparation.
The independence of both procedures needs to be ascertained by submitting control materials
to the same preparation procedure as the inspection samples.
When certain procedural issues related to sample preparation, sample shipment, etc., are resolved, the resin bead technique and the associated shipment procedures can be brought
into routine use for IAEA safeguards application.

9.
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1.

PURPOSE

The objective of task K is to apply isotopic correlation
techniques (ICT) to some light water reactor fuel processed at
Tokai-mura and to assess the usefulness of the techniques for
international safeguards purposes.

2.

DESCRIPTION OF THE METHODS

Two different approaches have been used
tion of ICT in the frame of TASTEX.

for

the applica-

Japan and the United States have used regression analysis
for the test of internal consistency within each campaign and
comparison with suitable reference data, when available, for an
independent verification of the measured Pu/U and isotopic
ratios. France has used physical calculations for both internal consistency checks and independent verification of the
burn-up and Pu/U ratios.
Furthermore, in connection with task L, Japan and France
have made independent verification of the input U and Pu masses
from ICT determinations of the burn-up and Pu/U ratio applying
the so-called "gravimetric method".
A short
given below.
2.1

description

of

the method

used

by each

team

is

Japan

Consistency of the batch data within a campaign was
checked by correlation tests among various isotopic data and
variables composed of the source data. Isotopic variables were
derived in terms of the isotopic data of uranium and plutonium
(see Table XXXI). Correlation among those variables was examined.
Correlations between plutonium to uranium ratio and each
of the isotopic variables were determined from historical data
relevant to the spent fuels in question.
For JPDR (BWR-1)
fuel, the historical data came from HUMBOLDT BAY.
No historical data have been found for PWR. For other sets, reprocesAll BWR
sing data of • spent fuel from GARIGLIANO were used.
batch data were also, as a whole, the historical data base for
the analysis of reprocessing batch data of BWR fuels.

were
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To complement the historical data approach, correlations
also obtained from isotopic data derived from reactor

TABLE XXXI. ISOTOPIC VARIABLES USED IN THE JAPANESE AND
US APPROACHES
•s
UNITED

JAPAN

STATES

D

(U-235)

Pu/U

Pu-239

x

Pu-240

D

(U-236)

D

U-235

x

Pu-241

Pu-240

x

Pu-241

(U-235)

lOO-Pu-239
Ln

U-238

x

/U-235 N 0

Vu-238/

U-235

lOO-Pu-239

(Pu-239)2

Pu-240/Pu-239

U-235

D

Pu-241/Pu-239

U-236

(Pu-239)2

U-235

x

Pu-242

(U-235)2
x

(lOO-Pu-239)

(U-235)2

D

(Pu-241

+

Pu-242)/Pu-240

Pu-240

(Pu-239

x

Pu-242)/(Pu-240)2

Pu-239

( ) is for d e l t a

(

);

for

instance

x (lOO-Pu-239)/(Pu-239

D(U-235)

=

(U-235)

x

initial

Pu-240)2

-

(U-235)

irradiated.

burn-up calculations. The amount of plutonium input was determined by applying the Pu/U ratio method on the basis of initial
fabrication data.
2.2

United States

The isotopic or total quantities of U and Pu are combined
to form isotopic variables. Examples are given in Table XXXI.
Isotopic functions are formed by plotting one variable against
another variable. The isotopic ratio for a given function is
the slope of the line connecting the initial and the irradiated
point of each batch or sample.
For linear correlations, the
isotopic ratios should be fairly constant around the mean.
Two types of analysis are performed: the internal and the
external.
The internal analysis uses just the data from the
present data set to obtain a consistency check. The external
analysis uses another reference data set that possesses similar
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characteristics and is used in
data consistency with another
Japanese analysis, the Battelle
for JPDR and GARIGLIANO data
have been found for PWR-1.

a predictive manner to estimate
similar data set.
As in the
team has used HUMBOLDT BAY data
for BWR-2.
No historical data

These two types of analysis are used to determine outliers
in the analytical measurement results.
2.3

France

Reactor physics calculations are used to determine various
relations among the final compositions of the spent fuels.
In a first step, neutron characteristics and mean cross
sections of the particular fuel assembly type are calculated
using a cell code developed and validated for reactor design
purposes.
Then a zero dimension burn-up code using the cross
sections obtained in the previous step is employed to get isotopic compositions and correlation functions.
Polynomial expressions are fitted to these correlations and a set of coefficients is obtained for practical applications.
These calculated
correlation
functions,
(examples
given in Table XXXII), are used for two types of analysis:

are

-

Internal consistency checks: predicted values of some particular combinations of isotopic ratios of uranium and
plutonium are compared to measured values and outliers are
identified.

-

Independent verification of the input Pu and U masses: the
burn-up and Pu/U ratio are determined from isotopic ratios
of U and Pu and calculated correlations and then the gravimetric method is applied to obtain the input masses.

3.

PRACTICAL PROCEDURES

3.1

Required Data

Application of ICT requires two types of data relevant to
the particular fuel which is being reprocessed:
-

Reactor data, including the initial fuel data
Reprocessing data

For the first category a common list of both approaches is
given in Table XXXIII.
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TABLE XXXII. CALCULATED CORRELATIONS APPLIED IN THE FRENCH
APPROACH

I

= a(I,e) D (U-235)

h(I,e) D (U-235)
'h

I, = b (I, e) D (U-236)
b

k
Ô(I,e) x
6

Pu-239 x Pu-242
(Pu-240)2

The functions a(I,e), b(I,e), B(I,e), h(I,e), k(I,e) and 5(1,e) are
burn-up functions expressed as third order polynominals in which "e"
represents the initial enrichment and "I" the burn-up.

The only reprocessing data which are absolutely required
are the isotopic ratios.
Other available data such as the
results of volume measurements are of interest for comparisons
of the direct and ICT determinations of the input masses or for
a more complete analysis of the results.
The Japanese and United States approaches, in addition,
utilize historical data obtained previously from a reactor with
similar fuel for external analysis or independent verification
of the input measurements.
3.2

Procedures

Three types of analysis have
measurement results:
-

been applied

on

the

input

Internal consistency checks of the various uranium and
plutonium isotopic ratios including the Pu/U ratio have
been done independently for each batch using either calculated correlations in the French approach or reference
data in the United States and Japanese work.
In both
cases, at least when reference data are available for the
second one, the procedure is relatively simple and could
be applied at any moment during the campaign.
This
assumes that the isotopic. data are available from the
facility operator.
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TABLE XXXIII. REACTOR DATA R E Q U I R E D OR USED F O R
ICT APPLICATIONS

Name and type of reactor
Type of fuel assembly
Number of fuel rods in each assembly
Structure materials (cladding, grids,...)
Burnable poisons, if any
Rough geometric data (pellet and rod diameters, lattice pitch)
Power

chart

of

the reactor

(a month

per month

chart is

sufficient in most cases)
Initial mass of uranium of each fuel assembly
Isotopic composition of this uranium (for each zone if it is
a multiple enrichment fuel assembly).

-

Regression analysis or consistency checks within a whole
campaign have been applied by Japan and
the United
States.
They do not involve external data but could be
applied only at the end of the campaign and require a computer for statistical calculation.
Independent verifications of the input masses have been
performed by France and Japan, using the gravimetric
method and based upon calculated correlations or reference
data.
At Tokai-mura the chemical analysis is made on
samples coming from the accountability tank.
Since there
may be mixing from other dissolver batches, it is only
possible to determine the total mass of uranium and plutonium for an entire campaign from these measurements.

4.

TEST RESULTS AND EVALUATION

The analytical results of four campaigns concerning four
BWRs and a PWR have been investigated with ICT. Internal consistency checks have been investigated with ICT.
Internal consistency checks and regression analyses have led to the identification of outliers.
Independent determination of the U and
Pu input masses by the use of ICT in combination with the Pu/U
ratio method can be compared with those determined from concentration and volume measurements.
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5.

INTERNAL CONSISTENCY CHECKS AND REGRESSION ANALYSIS

5.1

Campaign 1 (BWR-1)

The various tests performed by the three teams led to the
identification of common outliers for batches 1, 6, 16 and 17.
The two last are rinsing batches and thus can not be considered
in the same way as the others.
Batch 1 consisted of fuel with
a very low burn-up (about 100 MWd/t) and the poor precision is
probably the reason for identified anomalies.
For batch 6, no
clear explanation has been found but the discrepancy in the
Pu/U ratio may come from changes in the hold-up between the
dissolver and the accountability tank.
5.2

Campaign 2 (BWR-2)

Batches 1 and 14 have been identified as outliers by the
three teams. For the last, this is clearly due to the very low
quantity of fuel which was processed.
The discrepancy for
batch 1 is quite significant but no explanation can be certified from ICT.
5.3

Campaign 3 (FWR 1)

The common outlier identified by the three teams is batch
15 and the discrepancy observed from the internal consistency
checks appear to be an abnormal value of the 2¿|,2Pu content.
In addition to these outliers clearly identified, each
team has found some particular results which are at the limit
of the acceptability range and possibly more detailed conclusions can be drawn from the analysis of these results.
5.4

Campaign 4 (C-1)

This campaign comprised reprocessing of 76 batches from
four BWRs; four from BWR-1, 30 from BWR-2, 34 from BWR-3 and 8
from BWR-4.
Only JAERI and CEA analysed the data from this
campaign.
All reprocessing batch data of spent fuels from BWR
stored in JAERI's ICT data bank were taken as historical data
base in the Japanese evaluation.

6.

INDEPENDENT VERIFICATIONS OF THE INPUT MASSES

Table XXXIV gives the results of ICT determination of the
input plutonium masses made by JAERI and CEA in comparison with
the plant determination.
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TABLE XXXIV. INPUT PLUTONIUM MASSES

Campaign

Reactor

No. of Batches

Pu (kg)
Measured
by Rep.

BWR-1

BWR-2

17

14

5.402

20.212

Estimated by ICT
JAERI
CEA

5.454

20.377

5.362

20.563

Difference Meas-Estd
JAERI
CEA

-0.052

(0..74%)

-0.165

-0..351

-0.82%)
PWR-1

17

39.119

(1)

39.474

0..040

-0.96%)

-

(-1.,74%)
-0.,355
(-0.,91%)

C-l

BWR-1
BWR-2
BWR-3
BWR-4

76

146.393

149.641

148.902

-3.248
-2.22%)

-2.527
(-1.,73%)

The total masses for an entire campaign determined from
ICT and the concentration and volume measurements appear to be
in fair agreement. A more detailed determination on a batch by
batch basis, has also been investigated: these show rather
strong variations which are most probably due to hold-up
between the dissolver and the accountability tank.
Consequently batch by batch comparison of total massés at Tokai-mura
can only provide useful data for intermediate balances on a
part of the campaign and for a batch follow-up of the input.

7.

ASSESSMENT OF RESULTS IN TERMS OF MEETING PURPOSE

The application of ICT methods to these Tokai-mura campaigns has extended the application of ICT to new data sets and
in addition has provided the same data sets for analysis by
three different groups.
In this sense, task K clearly could
not fail to provide valuable information on the use of isotopic
correlation techniques.
However, task K was not, and was not
intended to be, a forum for a systematic test of ICT procedures.
Previously developed procedures were employed with no
attempt at ascertaining the sensitivity of the employed correlations to reactor type, initial enrichment, etc.
The relevance of ICT to international safeguards is based
on three fundamental relationships that are derivable from the
use of ICT:
i)

Determination of total uranium input to the reprocessing plant based on knowing the initial uranium in
the fuel assemblies from the fabricator (and independently verified by the IAEA) and determining the
burn-up.

ii)

Determination of the Pu/U ratio and knowing the uranium input to the reprocessing plant, the total plutonium input to the reprocessing plant can be derived.

iii) Check on the internal consistency of data on input
batches to the reprocessing plant and if historical
data is available or if calculations are performed,
the data may also be compared for external consistency.
The comparison of total uranium and plutonium derived from
ICT methods with the operator's volumetric and density measurements showed only a fair agreement (in those cases reported).
However the differences noted in these comparisons were of the
same order as those obtained by the plant operator between his
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total input and product measurements.
All three approaches,
French, Japanese, and the United States, paid particular attention to the internal consistency of the data provided.
It was
very gratifying that all approaches identified the same major
outlier data points in the data sets analysed by the three
teams.
It must be noted however, that the analysis was performed after all the campaign data was available. It must also
be noted that TASTEX task K did not attempt as a part of this
exercise to ascertain the practicality of either inspector
usage (in the field) or of Agency Headquarters usage of ICT.
The effectiveness of ICT as a practical IAEA Safeguards
tool has yet to be demonstrated by the IAEA on a routine basis,
but other organizations have demonstrated its usefulness to
safeguards.

8.

FUTURE WORK

The most important effort that has yet to be performed is
a routine continuing demonstration of the application of ICT by
Agency staff. This could constitute an in—the—field, application by Agency inspectors, as well as a demonstration by Agency
Headquarters staff (Safeguards Information Treatment Division).
Additionally, efforts need to be expanded to better define
criteria for determining outlier data as well as internal and
external consistency of the data. In other words, IAEA procedures need to be defined by the IAEA for the application of ICT
specifically for their use in international safeguards.
This
might best be based on sensitivity studies from practical
applications or calculations.
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1.

PURPOSE

The determination of uranium and plutonium amounts loaded
at the head end of a nuclear reprocessing plant is a very important point for materials accountancy.
This aim was achieved
by the use of the gravimetric, or Pu/U, method.
Usually, input balances are ascertained by measurements of
the concentration of uranium and plutonium in an accountability
tank in which the solution volume also has to be measured.
The Pu/U method provides an independent estimate of
amount of uranium and plutonium in a batch of dissolved
without needing a knowledge of the volume or mass of the
tent of the dissolver tank. Moreover, these determinations
be made prior to any transfer or chemical separation.

2.

the
fuel
concan

DESCRIPTION OF TECHNOLOGY AND PROCEDURE

The content of fuel loaded into a reactor is written below
in a simplified form:
M

where

Uo = M U

+ M

Pu

+ M

My0

F

+ M

T

(1)

is the initial uranium content of the fuel
based on fuel fabrication data

My and
Mpy
Mp
M^

are amounts of residual uranium and plutonium
is the amount of uranium and plutonium
changed into fission products
represents
the
other
transuranic
atoms
(i.e., Np, Am, Cm...)

Usually, the number of transuranic atoms is small with
respect to residual atoms of uranium (0.1%) and for most purposes can be ignored.
The relationship (1) becomes:

where I =
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— —
^O

Pu
The t ^ q — term is determined by the concentration ratio of
plutonium to uranium (Pu/U) in a well-mixed aliquot of the
dissolved fuel in the tank.
fljj0 or I can be obtained from measurements, reactor code
calculations, or isotope correlation techniques.
The basic method for the determination of I uses the measurement of the stable isotope 148 neodynium, produced during
running of the reactor.
Alternatives to the neodynium procedure involve the use of firstly, the gamma-ray spectrometry of
Cs-137 and Cs-134/Cs-137 ratio and, secondly, use of correlations of heavy element isotope ratios.
Other correlations were used to determine the Pu/U ratio.
The development of these techniques is associated with the
Task K of the TASTEX programme.
At La Hague, isotope correlations are used currently to
determine the burn-up and to verify the Pu/U ratio measurement.
So, from
following :

"pu =

Mjj

¥

and

X

Pu/U

ratio,

Mpu

is

obtained

by

the

*U

It is necessary to point out that, since the magnitude of
the term I is only 4% of M U o , it can be obtained with a relatively large uncertainty.
For example, if the accuracy on My
is fixed at a 0.15% level and the Pu/U ratio measurement accuracy is about 0.3%, I can be estimated with a relative uncertainty from 14% (for 10,000 MWd/T burn-up) to 3.3% (for 40,000
MWd/T).
Another important feature of this method is its dependence
on knowledge of the fuel fabrication data for the amount of
initial uranium, Mjj0, contained in the fuel.

3.

DEMONSTRATION AND RESULTS

The Pu/U or gravimetric method has been used by facility
operators in many reprocessing plants.
For example, it has
been used in the UK and in France at La Hague as one of the
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main methods for estimating the amount of uranium and plutonium
loaded into the plant.
At Tokai, the campaigns were a recent
demonstration of this method.
During reprocessing campaigns carried out in 1978 and 1979
in France, the results obtained by means of experimental correlations and analytical functions are in a very good agreement
(better than 0.2%) and, with regard to the volume concentration
method, the agreement is better than 0.4%.
In the Tokai experiments, discrepancies on the Pu/U ratio
have been detected on some batches, owing to the hold-up between the dissolver tank and the accountability vessel, but
there was a good agreement for integrated results over the
whole campaign (0.13% between the Pu/U ratio method using dissolver solution and the volume concentration method in the
accountability vessel).

4.

ASSESSMENT OF RESULTS

In the Tokai experiments, positive and negative results
were obtained.
The credibility of the method was confirmed
when results of a whole campaign were compared.
The negative
results are a direct consequence of the tank arrangements in
the plant.
This arrangement precludes the use of the gravimetric method to verify Pu input measurement on a batchwise
basis;
accordingly, detection of diversion on a batch basis
using this method is nearly impossible.
A moving average calculation would give meaningful results.
The best solution
would be to sample directly from the dissolver tank.
More
generally, it is important to point out a fundamental advantage
of this method which is its complete independence from the
volume determination.
Another important point is the possibility of verifying fuel history by isotopic measurements on
dissolver samples.

5.

CONCLUSIONS

The objective of the TASTEX programme was the assessment
of methods which can improve international safeguards.
In view
of this, the gravimetric method, an alternative to the well
proved volumetric method, had to be evaluated.
After tests
performed in different plants, this method is validated both
for verification use by inspectors and as a basic method for
the operators.
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6.

RECOMMENDATIONS FOR FUTURE WORK

The difficulties which arose in applying the Pu/U method
at Tokai can be avoided in future plants by taking account of
safeguards requirements at the design stage.
For checking
the Pu content
of individual
dissolver
batches by the Pu/U method, it is imperative that each batch of
dissolver solution is completely transferred to the accountability tank, otherwise the dissolver has to be directly sampled.
For Tokai, where batch data corresponding to known fuel
assemblies cannot be obtained, studies should be conducted for
the development of some types of smoothing technique, i.e.,
moving average, so that interim data can be obtained without
waiting for completion of a campaign.
From a general point of
warrants further development:

view,

the

following

objective

research into the limitations of the gravimetric
method with respect to the basic parameters:
fuel
assembly data, reactor data and calculation methods.
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Task M
Tracer methods for input measurements

Rapporteur:

J. Hure
Commissariat a l'Energie Atomique

Contributors :

INEL
W.J. Maeck
F.W. Spraktes

1.

INTRODUCTION

The conventional practice of measuring the amount of uranium and plutonium in the input accountability vessel of a
reprocessing plant involves measuring the concentration of the
uranium and plutonium per unit volume or mass and then multiplying by the total volume or mass of the solution contained in
the tank.
This volume or mass is precalibrated, and implicit
in this method is that the tank's calibration factor remains
constant.

2.

PURPOSE

The purpose of the task is to evaluate the potential use
of the tracer method as a technique for tank calibration, independent verification of the calibration and the independent
verification of the uranium and plutonium content of the tank.

3.

DESCRIPTION OF THE METHOD

The tracer method is based on the fact that, if a known
quantity of a specific element is added to a tank and well
mixed, the measured concentration of the tracer in an aliquot
of the tank solution can be used to determine or verify the
volume or mass of solutions in the tank.
„
.,
Solution volume =

mass of tracer added
volume concentration of tracer

mass of tracer added
mass concentration of
tracer x density
mass of solution

mass of tracer added
mass concentration of tracer

For the determination of the amount of uranium and plutonium in the tank it is necessary to measure the ratio of the
concentrations of uranium and tracer and the ratio of the concentrations of plutonium and tracer.
_ TI
j- ^
. , j
mass of U = mass of tracer added x

concentration of U
concentration of tracer

Only ratios of concentrations are needed and, if isotopic
dilution mass spectrometry is used with a well-calibrated mixed
spike, the total amount of uranium and plutonium is obtained
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from a relatively simple expression involving isotope ratio
measurements of the spikes, tracer and aliquot of the tank
solution^.

3.1

Selection of Tracer

The draft final reports of United States and France give
about the same criteria for selection of tracer. Measurements
made by isotopic dilution mass spectrometry have the following
advantages :
(a)
(b)

(c)
(d)

Compatibility with the plant process
Measurable with a high degree of precision and simple
chemistry (easy clean-up procedures, good sensitivity
in mass spectrometry)
Reasonably inexpensive, readily available
Enriched isotopes available

Fission products should not be eliminated if in the natural element there are two or more isotopes not found in fission
products.
To date
Pb^,
Lit M
tracer.

investigations were conducted with Mgt 1 »^»^],
grT5].
Heavy water is also a possible
and

The United States Idaho National Engineering Laboratory
report, in the case of tank calibration where only water is
involved, suggests other tracers and chemical or electrochemical methods of analysis.
Probably better precision than isotopic dilution could be obtained, but experience with these
alternatives is needed to assess this possibility.

3.2

Analytical Methodology

When using the isotopic dilution method, the chemical
treatment of the sample is not a quantitative separation of the
element to be measured but it involves a very good clean-up
procedure to avoid pollution with another element of the same
mass and to obtain a good emission for thermoionisation mass
spectrometry.
The French reportai suggests the use of a
tracer with more than two isotopes which makes it easy to
correct isotopic fractionation in mass spectrometry.
The
results quoted give better precision than conventional measurements with a single isotopic ratio.
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3.3

Addition of Tracer to Tank and Mixing

The problems associated with adding the tracer are specific to the tank shape, feed lines and plant operating conditions.
However, it is absolutely essential to the tracer
method to have a known amount of the tracer added to the tank
contents and to mix the tracer completely with the solution in
the tank.
The addition of a tracer in different tests of the method
has always been made by the transfer of a solution containing
the tracer and subsequently rinsing the lines.
The INEL rep o r t a l suggests that the tracer could be added directly to
the contents of the tank via some package arrangement such as
in an acid-soluble container.
It is necessary to know exactly the amount of tracer added
to the tank. INEL reports the preparation of the solution on a
weight basis, taking a weighed aliquot and analysing by the
most precise method the concentration of tracer.
The French
have chosen to weigh accurately an ingot of very pure magnesium metal and dissolve it in nitric acid.
If the tracer
method is used to calculate the amount of uranium and plutonium, the volume or mass of tracer and rinse solution need not
be known. If the volume or mass of solution in a tank is to be
determined, however, exact knowledge of the volume or mass of
added solutions is necessary.
It seems from the two reports
that the weight basis will be preferred to the volume. Mixing
is a difficult problem to assess because the time and intensity
must be determined in each particular case. Perhaps very precise measurement of density in the laboratory on aliquots taken
at different times during mixing would allow a measurement of
the quality of mixing.

4.

TEST RESULTS AND EVALUATION

Only limited data from the tests exist to date.
Before
the TASTEX programme was initiated the principal studies were
conducted at Mol ( B e l g i u m ) w i t h
lithium and at Tarapur
(India)1 ' ' J with magnesium and lead.
These studies were evaluated in the INEL report.
During
the TASTEX programme, INEL reported tests using natural strontium as tracer. The measured isotope is Sr-86 with an analysis
spike of enriched Sr-84. Although only a limited number of experiments have been conducted, the results are promising.
The
agreement between the tracer method and known volumes (calibra-

196

tion or differential pressure measurements) is within 1%. The
amount of natural strontium added to the input tank would be
such that the final concentration is 200 jug/g
of dissolver
solution. The blank is
0.1% of this quantity.
Investigation
of the method is continuing.
At the same time, the French CEA made some tests at the La
Hague plant using natural magnesium as tracer.
Previous studies of the analytical procedure of isotopic dilution gave
results with a precision (lo, 95 CI) of 0.1- 0.2%.
The two
tests conducted in the plant did not produce results in agreement with the known values of volume and amount of uranium.
The evaluation of concentration measurements is in agreement with the hypothesis of an incomplete mixing of the tracer
and tank solutions.
It has not been possible during the production campaign to use longer mixing times.
The best result
is 1.5% from the known value.
Nevertheless, the possibilities
of the method are attractive and new tests are planned.

5.

ASSESSMENT OF RESULTS

For the use of uranium and plutonium input measurements it
is assumed that the principal measurement method is the volumetric method which is based on the measurement of the concentration of these element per unit volume or mass of a tank
sample and measurement of the total volume or mass of the solution contained in the tank.
Estimates, based on routine operation of a reprocessing
plant and uncertainties of measurements (95% CI for a single
analysis) are:
U concentration
Pu concentration
Volume or mass

:
:
:

0.5-1% (isotope dilution)
1-2% (mass spectrometry
0.5-1% (dip-tube differential
pressure measurement)

To reduce these values effectively will require a change
in the operating philosophy of plants (the use of more highly
skilled personnel, rigid analytical methods or automation of
procedures).
The uncertainty in the volume or mass is less
significant than the measurements of concentrations, but, in a
processing campaign, systematic errors or changes in the tank
volume can dominate the total error in input measurements.
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One useful function of the tracer method is to provide a
means of verifying the tank calibration during a campaign.
The
use of a tracer in every batch for measurement will reduce the
long term uncertainty to a level approaching that of the primary calibration and systematic difference may be detectable.
It gives also a value for the total amount of uranium and plutonium charged into the plant during a campaign with an uncertainty of the same order as the conventional
volumetric
method.
With careful work, uncertainties of 0.1-0.2% are
possible with the tracer method.

6.

CONCLUSIONS

The basic principle of the tracer method for tank calibration, volume verification and an alternative method for verification of input values is sound.
Although only limited data have been reported to date, the
results are encouraging;
the primary problem appears to be
mechanical in nature (quantitative tracer additions and mixing)
but should not be insurmountable.
The tracer method should be capable of providing an inspector with an independent method to verify tank volumes and
to give an independent measurement of the uranium and plutonium
content of a tank.

7.

RECOMMENDATIONS FOR FUTURE WORK

The tracer method requires, before use, initial studies
identifying complete transfer of all the tracer to the tank and
establishing the requirements for complete mixing;
a full
scale experiment conducted over a long period (for example 30
days) is suggested.
The total plant throughput based on the
tracer technique should be compared to that determined using
the conventional volumetric method.
In the design of new
accountability tanks the equipment for introducing tracer and
assuring complete mixing should be included.
Consideration should also be given to devising special
procedures perhaps including the use of mixed tracers of varying concentration.
This would minimize the possibility of a
plant operator adding small amounts of tracer to the dissolver
or accountability tank to alter the indicated volume or tank
calibration without detection by the IAEA procedure.
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Extension of the tracer technique to use in calibrating a
variety of tanks should be considered with chemical or electrochemical methods if only water and a single chemical component
are used.
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PART III
FACILITY DESCRIPTION

1.

INTRODUCTION

The Tokai Reprocessing Facility, with 0.7 t/d capacity, is
owned and has been operated by PNC. The main part of the facility was designed by the French company Saint-Gobain Techniques
Nouvelles, which is now called Société Générale pour les Techniques Nouvelles.
Construction started in June 1971 and was
completed in November 1974.
The facility, which employs the
Purex process, has no conversion plant for plutonium;
accordingly, the final products of the facility are plutonium nitrate and uranium trioxide.
The plant layout and simplified
flow diagram are given in Figs. 33 and 34, respectively.

2.

RECEIVING AND STORAGE OF SPENT FUELS

Spent fuels irradiated in power reactors are placed in a
cask (transport container) and shipped to the Tokai Reprocessing Facility. In the reprocessing facility, the cask is moved
through the track airlock to the decontamination room, where
the internal water of the cask is circulated for monitoring
damaged fuel assemblies.
The cask is then placed in the unloading pool where the spent fuels taken out of the cask under
water are put into a fuel basket and sent to the storage pool
for cooling and storage.
During storage, the comparatively
short-lived fission products decay as time passes, resulting in
decreased heat and radioactivity.
After the spent fuels are
cooled and stored for a certain period of time, they are moved
to the intermediate pool. The fuels are taken out of the fuel
basket one by one and sent to the mechanical treatment cell.
The storage pool can hold about 100 tonnes of spent fuels as
uranium metal.

3.

MECHANICAL TREATMENT

The end plugs of fuel assemblies are first removed by an
air-tight cutter, and the fuel elements are then cut into 5 cm
long pieces.
The chopped fuel element pieces are sent to the
dissolver.
The solid wastes remaining after the chopping operation, e.g., the end plugs, are loaded into the waste container and transferred to the high-active solid waste storage
by means of a transfer cask.
The mechnical treatment cell in which the chopping operation is carried out is surrounded by walls, 150 cm thick. For
this reason, the operation is so devised as to be performed
remotely by installing a shielding window, manipulators and
other remote handling equipment. A decontamination-maintenance
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cell and airlock cell are provided for inspection and maintenance of the instruments and part of equipment.

4.

MAIN CHEMICAL PROCESSES

4.1

Dissolution, Clarification, etc.

The spent fuels which are cut into pieces are dissolved in
the dissolver, but the cladding material made of stainless
steel or zircaloy remains undissolved.
Upon dissolution, oxygen is sparged into the dissolver to
oxidize generated nitrogen oxide, etc.
After dissolution, the
solution is transferred to the receiving vessel in the feed
solution adjustment cell where it is diluted and adjusted by
nitric acid. Then, after undissolved materials are removed by
the filter, the solution is adjusted to an acidity suitable for
the next separation process in the adjustment vessel installed
in the feed solution adjustment cell. The adjusted solution is
continuously fed to the first extraction cycle through the feed
solution vessel. The undissolved cladding materials (so-called
hulls) are cleaned, placed in a waste container, and then sent
to the high-active solid waste storage by means of the transfer
cask.
Off-gases generated during dissolution are sent to the
off-gas treatment units.
4.2

Separation of Uranium and Plutonium

The purpose of the separation process is to separate uranium, plutonium and fission products which are contained in the
solution in which the spent fuel is dissolved.
The separation
process is divided into the first extraction cycle (co-decontamination) and the second extraction cycle (separation).
In the
first extraction cycle, the fission products are removed from
the solution, and in the second extraction cycle, uranium and
plutonium are separated.
In these cycles many extractors
(mixer-settlers) of various sizes are used.
4 .3

Purification and Concentration

The aqueous stream contains plutonium which is stripped in
the second cycle and sent to the Pu-purification process, where
the plutonium is further purified.
The plutonium solution is
then transferred to the concentrator where it is evaporated and
concentrated.
The concentrated nitrate solution is finally
sent to the plutonium product storage tanks as the final plutonium product.
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5.

ANALYTICAL LABORATORY AND OPERATION TEST LABORATORY

The Tokai Reprocessing Facility has its own Analytical and
Operation Testing Laboratories which are housed in the Central
Building as shown in Fig. 33.
The role of the Analytical Laboratory is to provide data
for process control and for accountability control of reprocessing.
Samples taken in the sampling benches are sent to the
Analytical Laboratory through a pneumatic transfer system.
Since the samples treated in the laboratory are at various
radioactivity levels, shielded cells are used for handling high
and medium-activity samples, and glove boxes for dealing with
lower-activity samples.
In addition, many new types of instruments are used.
The Operation Test Laboratory (OTL) is a miniature reprocessing facility being a 1/300 scale version of the main plant,
and incorporates the key features of the main processes.
The
objectives of this laboratory are to test and prove operational
conditions of the main plant and to investigate its problems.
For testing, actual chopped spent fuels and dissolver solution
are delivered to the OTL in a small cask.

6.

TREATMENT OF WASTES

In the reprocessing plant two objectives have to be met:
on the one hand, valuable fuel materials such as uranium and
plutonium must be recovered and, on the other, the resulting
radioactive wastes must be treated in order to prevent the environment from being contaminated.
The radioactive gaseous
wastes which are mainly produced in the mechanical treatment
and the dissolution processes, are treated by scrubbing and
filtration.
In the case of active solid wastes, high-activity
wastes are stored in the HASWS, while low-activity wastes are
sent to the LASWS after volume reduction by the incinerator,
compressor and concrete-packing equipment.
The radioactive liquid wastes, which come from the various
parts of the plant, are evaporated and/or chemically treated.
The concentrates are stored in tanks according to activity
levels and chemical characteristics.
Treated waste streams
such as condensate are discharged to the sea after being monitored.
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PART IV
CHRONOLOGICAL ACTIVITIES AND MEETINGS
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CHRONOLOGICAL ACTIVITIES
1977
Sep.

7-11

Sep. 12

Survey by the US on the possibility of joint
research on the safeguards of the Tokai Reprocessing Facility
Disclosure of the Joint Communique and the Joint
Determination
between
the
Government
of
the
United States of America and the Government of
Japan

1978
Jan. 12

Feb. 27 Mar. 8

Eleven US proposals to Japan regarding safeguards
R and D for the Tokai Reprocessing Facility

The first technology-oriented meeting by Japan,
the US and France in Tokyo - Investigation on the
feasibility and implementaion procedures of joint
research on the 11 US proposals, 5 French ones
and 4 Japan/IAEA ones

(Mar. 7-8)

Detailed cooperative study between Japan and the
US on the several of the US proposals - Tokai
tour and discussion on the feasibility of each
task

June 19-21

US/Japan technical meeting on
and M - including Tokai tour

Tasks

D,

I, J, L

July

US/Japan technical meeting on Tasks
and H - at Sandia, LASL and LLL

A,

B, F,

3-9

Sep. 11-13

Oct. 28 Nov. 8
Oct. 28 Dec. 4

G

US/Japan technical meeting on tasks A, E, G and I
- including Tokaitour

US/Japan technical meeting on Task I - at INEL

Training of PNC personnel concerning
ORNL

Task J - at

Nov. 13-16

The First Steering Committee Meeting - in Tokyo

Nov. 17-20

Tokai tour by the US delegates
21.1

1979
Mar.

5-16

US/Japan technical meeting on Task E - at BNL

Mar. 26-28

US/Japan technical meeting on the state-of-art
and technical problems of Tasks D, I, L and M at Tokai

May

US/Japan technical meeting on tasks G, H and J at LASL, LLL and ORNL

May

6-21

28

June 28 July 9

July

7-15

Effectuation of "Memorandum for the Implementation of TASTEX Program" between Japan and the US

Technical meeting by the four parties on tasks C,
K, L and M regarding their states-of-art and
others - at CEA
US/Japan technical meeting on Task I - at INEL

Aug. - Sep.

Initiation of US personnel's collaboration at
Tokai - equipment adjustment and data analysis
regarding Tasks E, G, H and I

Sep. 25-26

The Second Steering Committee Meeting - in Tokyo

Sep. 27-28 -

Tokai tour of the Steering Committee members

1980
Jan. 10

Exchange of letters between IAEA and PNC regarding IAEA personnel's participation in the TASTEX
demonstration programme

Jan. 22-31

Collaboration of BNL personnel at Tokai regarding
data analysis of Task E

Jan. 28 Feb. 8

Feb.

4-15

Participation of IAEA personnel in the demonstration of Tasks D, E and I - at Tokai
Collaboration of INEL personnel regarding system
adjustment and data analysis of Task I - at Tokai

Feb. 26-29

The Third Steering Committee Meeting - in Tokyo

Mar.

US/Japan technical meeting regarding
lysis, etc., of Task E - at BNL
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9-22

data

ana-

Apr. 19-28

US/Japan technical meeting regarding adjustment
of hardwares and softwares of Task I - at INEL

Apr. 21-25

Participation of IAEA pesonnel in the
tion of Tasks G and H - at Tokai

Aug.

Collaboration of BNL and INEL personnel at Tokai
regarding system adjustment and data analysis of
Tasks E and I, together with participation of
IAEA personnel therein

Aug. 25 Sep. 4

US/Japan/IAEA
- at Tokai

technical meeting

demonstra-

regarding

Task J

Oct. 21-24

The Fourth Steering Committee Meeting - in Tokyo

Oct. 27-28

Tokai tour of the Steering Committee members

Oct. 16-31

US/Japan technical meeting regarding Tasks E, G,
H and I - at Tokai

Dec. 15-20

US/Japan technical meeting regarding Task I - at
INEL

1981
Feb. 16 Mar. 6

Participation of IAEA in Tasks A, E, G and H - at
Tokai

Mar. 24-26

Editorial Meeting on the draft executive
report (Parts I and III) - in Vienna

May

The Fifth Steering Committee Meeting - in Tokyo

26-28

summary
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LIST OF PARTICIPANTS IN
TOKAI ADVANCED SAFEGUARDS TECHNOLOGY EXERCISE (TASTEX)
MEETINGS
Participant

Appointment

USA
J.L. Bloom
G.L. Booman
M.A. Burns
L. Green
B.D. Hill
F.S. Houck
R. Liimatainen
S.T. McDowell
H.O. Menlove
A.L. Sessoms
C.N. Smith
G. Weisz

Counsellor for Scientific and Technological
Affairs, US Embassy in Tokyo
US Program Coordinator, BNL
Second Secretary, US Embassy in Tokyo
Scientist, International Safeguards Project
Office, BNL
DOE Representative, US Embassy in Tokyo
Physical Science Officer, US Arms Control
and Disarmament Agency
Science Officer, Office of Nuclear Technology and Safeguards, DOS
Assistant Director for Research and Development, Office of Safeguards and Security, US
DOE
Group Leader - International Safeguards, LASL
Office of Nuclear Technology and Safeguards,
US DOS
Materials Project Manager, US NRC
Director, Office of Safeguards and Security,
DOE
Leader, IAEA Safeguards Coordination, US NRC

L. Wirfs
FRANCE
J. Bouchard
D. Chavardes
G. Dean
G. Fréjaville

B. Guillemard
G. Jeanpierre
A. Petit
J. Regnier

Head - Nuclear Study Service, Light Water
Reactor Department, CEN Cadarache, CEA
Nuclear Attache, French Embassy in Tokyo
Assistant,
Departement
de
Sécurité
des
Matieres Nucléaires, CEA
Adjoint du Chef de Service d'Etudes Nucléaires, Departement des Reacteurs a Eau, CEN
Cadarache, CEA
Nuclear Attache, French Embassy in Tokyo
Chef du Département de Sécurité des Matieres
Nucléaires, CEA
Assistant du Directeur des Relations Internationales, CEA
Conseiller du Directeur de la Branche Retraitement, COGEMA
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Participant

Appointment

IAEA
W. Alston
R. Augustson

A. von Baeckmann
N. Beyer
T. Fitszimmons
F. Klik
D. Rundquist

H. Shimojima

L. Thorne

Far East Section, Division of Operations A,
Department of Safeguards
Section
of
Development
of
Instruments,
Methods and Techniques, Division of Development and Technical Support, Department of
Safeguards
Director, Division of Development and Technical Support, Department of Safeguards
Far East Section, Division of Operations A,
Department of Safeguards
Far East Section, Division of Operations A,
Department of Safeguards
Director, Division of Operations A, Department of Safeguards
Head, Section for Development of Instruments, Methods and Techniques, Division of
Development and Technical Support, Department of Safeguards
Section
for
Development
of
Instruments,
Methods and Techniques, Division of Development and Technical Support, Department of
Safeguards
Head, Far East Section, Division of Operations A, Department of Safeguards

JAPAN
K. Higuchi
M. Hirata
K. Hirose
H. Ishikawa
M. Ishizuka
H. Iwamoto
K. Kaneko
M. Katsura
M. Kawasaki
Y. Kawashima
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Manager, Safeguards Office, PNC
Deputy Head, Office of Planning, JAERI
Deputy Director, Safeguards Division, NSB,
STA
Deputy Director, Tokai Research Establishment (TRE), JAERI
Director, Research and International Affairs
Division, AEB, STA
Manager, Safeguards Office, PNC
Director, Nuclear Energy Division, UNB, ,MOFA
Deputy Director, Nuclear Energy Division,
UNB, MOFA
Director, Safeguards Division, NSB, STA
Executive Director, Nuclear Material Control
Center

Participant

T. Koizumi
H. Kurihara
Y. Morishita
K. Naito
K. Nakaj ima
M. Nakamura
Y. Nakamura
H. Natsume
H. Okashita
S.
T.
T.
S.

Sato
Someya
Tag a
Tsukada

Appointment

Assistant Manager, Reprocessing Division, PNC
Secretary for Minister of STA (Former Director, Safeguards Division, NSB, STA)
Director, Safeguards Division, NSB, STA
Deputy Director, Safeguards Division, NSB,
STA
Director, Member of the Board of Directors,
PNC
Director, Power Reactor Development Division, AEB, STA
Director, Member of the Board of Directors,
PNC
Deputy Head, Division of Chemistry, TRE,
JAERI
Principal Scientist, Chief, Nuclear Chemistry Lab., Division of Chemistry, TRE
Manager, Plant Management Section, PNC
Inspector, Safeguards Division, NSB, STA
Official, Nuclear Energy Division, MOFA
Director, Power Reactor Development Division, AEB, STA

217

Observer

Appointment

USA
R. Gunnink
W.J. Harris
J. Phillips
P. Russo
S.C. Suda

Section Leader, Nuclear Chemistry Division,
LLL
Instrumentation Systems Engineer, Technical
Division, Exxon Nuclear Idaho Co., INEL
Assistant Group Leader, International Safeguards Group, LASL
Safeguards Instrumentation Group, LASL
Scientist, Nuclear Energy Technical Support
Organization Department, BNL

STA
H. Dosho
H.
M.
Y.
Y.
Y.

Hirayama
Koroyasu
Moriguchi
Nakamura
Otsuka

A. Tachibana
H. Takahashi
T. Wada

Research and International Affairs Division,
AEB
Inspector, Safeguards Division, NSB
Safeguards Division, NSB
Power Reactor Development Division, AEB
Inspector, Safeguards Division, NSB
Research and International Affairs Division,
AEB
Inspector, Safeguards Division, NSB
Inspector, Safeguards Division, NSB
Inspector, Safeguards Division, NSB

MOFA
T. Ar ai
J. Kurikami
A. Watanabe

Scientific Affairs Division, UNB
Nuclear Energy Division
Nuclear Energy Division, UNB

NMCC
K. Higuchi
K. Yoshioka

Director for Planning
Deputy Director for Planning

MMC
I. Ishii
S. Yamagami
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Manager, R & D Section, Nuclear Energy Division
Deputy Manager, R & D Section,
Nuclear
Energy Division

Observer

Appointment

PNC
Y. Asakura
N. Hayano
M. Hayashi

S. Ibara
M. Iwanaga
H. Kawamoto
T. Konnai
T.
J.
T.
T.
N.

Kyue
Masui
Sawabata
Sugiyama
Suyama

N. Tsutsumi

Manager,
Analysis
Section,
Tokai
Reprocessing Plant (TRP)
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